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Abstract 
Bauxite refinery residue (red mud) is a waste by-product generated by the extraction 
of alumina from bauxite ores [1-3]. Bauxite residue is generated through the Bayer 
process, which involves the digestion of bauxite ore using concentrated sodium 
hydroxide at elevated temperatures and pressures [1, 3, 4]. The residue is a hazardous 
material due to its high alkalinity. Storage of the vast amount of residue remains 
(over 3 billion tonnes) an increasing problem [5-7]. Currently, a number of different 
applications have been studied to reuse bauxite residues, however land rehabilitation 
has gained the greatest interest for overcoming the ever growing problem [5-9]. 
However, the use of residue in land rehabilitation is not fully understood and is made 
more complicated by the lack of understanding of the stability of various alkali 
compounds in residue and how leachates will affect the growth of vegetation [10]. 
One of the greatest challenges in quantifying the alkali compounds present in residue 
is an inadequacy in mineralogical data of bauxite residues, in particular desilication 
products [4, 10, 11].  
 
The presence of desilication products in bauxite residue poses many drawbacks in 
rehabilitation programs (leachates and pH fluctuations), as well as in storage 
facilities (pH reversion) [3, 4, 12-15]. Desilication products make up a large portion 
of the alkali compounds found in bauxite residue; 0-24% sodalite and 0-
50% cancrinite [3, 4, 16]. Desilication products form during the pre-desilication and 
digestion step in the Bayer process [17, 18]. The chemical and physical nature of 
desilication products depend on the type of the original bauxite ore and the 
processing conditions used [17, 18]. Quantitative phase analysis of desilication 
products in bauxite residue is very difficult due to the similarities of the sodalite and 
cancrinite lattice systems [17, 19-21]. A number of Bayer process conditions can 
impact the ratio of desilication products and their composition; further complicating 
the quantification process. 
 
Therefore, this investigation focused on a better understanding of characterising DSP 
in bauxite residues using X-ray diffraction (XRD), infrared (IR) spectroscopy and 
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scanning electron microscopy (SEM). Dense media separation was used to isolate 
DSP in an Australian bauxite residue and then compared with synthetic versions. 
Structural, chemical and morphological changes induced by different Bayer digestion 
conditions (temperature, reaction time, addition of lime, A/C ratio and) and silicate 
source (kaolinite and quartz) have been investigated. The effects on characteristic 
features of DSP in XRD patterns and IR spectra have been the main focus; signature 
IR bands have been identified to distinguish between sodalite and cancrinite.                                                                      
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1Chapter 1:  Introduction 
1.1 BACKGROUND 
This research developed standard methods for quantifying and identifying alkali 
compounds in red mud, with a particular focus on desilication compounds using 
predominately X-ray diffraction and infrared spectroscopy as they are relatively 
accessible and fast characterisation techniques for industry to use. An in-depth 
understanding of how the solution chemistry influences the formation of sodalite and 
cancrinite structures during the digestion of bauxite ores will enable better 
predictions to be made on the types of desilication products that will be present in the 
waste residue (red mud). Desilication compounds are disposed of in large tailings 
dams along with all the other undigested minerals in the original bauxite ore. These 
dams contain millions of tonnes of residue and a viable re-use option has yet to be 
developed. A promising application is land rehabilitation, however a sound 
understanding of the types of alkali compounds that are present in red mud is 
required to ensure that a suitable pH is maintained for plant growth as well as the 
concentration of leachates. This research is of particular importance as it will enable 
better predictions to be made on the suitability/stability of red mud in land 
rehabilitation programs. This will be achieved by an in-depth analysis of the effect of 
solution chemistry on the crystal structures of sodalite and cancrinite, which will be 
monitored by numerous characterisation techniques.  
 
1.2 CONTEXT 
Globally, there is an estimated 3 billion tonnes of bauxite refinery residues stored in 
large tailing dams, which is commonly known as red mud [17]. This amount is 
currently increasing by approximately 120 million tonnes per annum by generating 
1.5 tonnes of bauxite residues per tonne of alumina [2, 6, 7, 16, 22]. Due to vast areas 
of land and the hazardous nature of red mud, numerous investigations have looked at 
the potential of land rehabilitation as a solution to the ever growing problem of waste 
disposal.   
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Without prior treatment, a number of properties of bauxite residues impact the 
viability of revegetation; strongly alkaline (pH >10), high salt content, high electrical 
conductivity (EC >30 dS m-1) dominated by sodium (Na+), and  high bulk density 
(particles are small and compacted causing water logging) [4, 6, 7, 16]. The large 
portion of DSP found in red mud (0-24% sodalite and 0-50% cancrinite) can further 
reduce the viability of land rehabilitation as dissolution of DSP will increase the pH, 
Na+ concentration and electrical conductivity [4, 10, 11, 23]. One of the greatest 
challenges is being able to accurately predict how the residue will behave once 
vegetation is established; current quantification methods are unable to fully 
characterise DSP.  
 
1.3 PURPOSES 
Identifying and quantifying the mineral phases present in bauxite residue is an important 
aspect to predict the overall behaviour of the residue, the environmental risk and 
monitoring the response of tailings to weathering processes. Currently, available 
mineralogical data on bauxite refinery residues are unable to fully characterise the 
residue as there is a significant amount of quantitative information of different phases 
missing from databases. Difficulties in quantifying bauxite residues occurs due to the 
complexity of major, minor and trace mineral phases, thus, the chemical and physical 
properties of red mud are not well understood. Another major drawback for 
quantification is varying degrees of structural changes of minerals, induced 
by differing Bayer digestion conditions used [6, 7, 24]. The presence of desilication 
products in bauxite residue imparts a great difficulty in quantitative phase analysis due to 
the similarities of the sodalite and cancrinite XRD reference patterns.  
 
A number of Bayer process conditions can impact the ratio of desilication products and 
their composition, such as the amount of NaOH, temperature, pressure, anions present in 
bauxite and chemical additives (lime) [12, 14, 17, 25-27]. Current available 
mineralogical data is not sufficient for the identification and quantification of the 
desilication products in residue, which means accurate modelling is not possible [4, 10, 
28, 29]. An understanding of how the solution chemistry influences the formation of 
sodalite and cancrinite structures during the digestion of bauxite ores, and thus shifts in 
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characteristic features, will enable better predictions to be made on the types 
of desilication products found in bauxite residues. 
 
The structural changes of synthetic desilication products formed using different Bayer 
conditions will be analysed and compared to real desilication products found in bauxite 
residues. Through the use of a number of characterisation techniques, X-ray diffraction 
(XRD), infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) coupled 
with energy dispersive spectroscopy (EDS), the influence of Bayer conditions on the 
structural and chemical compositions of desilication products will be established. This 
will be achieved by identifying trends in characterisation data and determining the 
possibilities of applying these trends to identifying the different desilication products 
present in bauxite residues and their chemical and structural changes. Once desilication 
products can be accurately characterised in red mud, better predictions can be made on 
how they will behave in land rehabilitation applications.  
 
1.4 SIGNIFICANCE 
Waste disposal of bauxite refinery residues has become a significant problem in alumina 
production due to the sheer amount of unusable residue that is formed. Land 
rehabilitation is a possible solution to this ever growing problem since it has the potential 
to re-use/minimise these large tailings dams. Since red mud contains considerable 
amounts of desilication products it has the potential to release species toxic to plant life 
or aquatic organisms during run-off, as well as increasing the pH and electrical 
conductivity to unacceptable levels for vegetation. Therefore, this research endeavours to 
develop a method to identify and quantify these compounds in red mud as an aid for 
identifying and quantifying potential leachates. By obtaining an understanding of how 
the solution chemistry influences the resultant desilication products that form will enable 
better predictions to be made on what type of desilication products will be present in 
bauxite residues. The extensive characterisation will also provide a better understanding 
of how to quantify and identify these types of compounds in red mud. 
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1.5 THESIS OUTLINE 
Chapter 2- Literature review 
Chapter 2 presents a review of current literature on desilication products found in the 
alumina industry. This review will mainly discuss: 1) the formation of DSP under 
Bayer digestion conditions, 2) DSP in red mud and its implication on environment 
and revegetation programs, and 3) characterisation of DSP.  
 
Chapter 3- Characterisation techniques 
Chapter 3 provides the experimental procedures used throughout this study and 
theoretical background on some of the physical characterisation techniques used such 
as:  
 X-ray diffraction (XRD) – quantitative analysis and mineral identification.  
 Fourier transform infrared spectroscopy (FTIR) – identification of signature 
bands and differences in framework 
 Scanning electron microscopy (SEM) – identification of morphological 
changes 
 Energy dispersive spectroscopy (EDS) – identification of chemical changes  
 
Chapter 4- Formation of DSP under various Bayer digestion conditions 
This chapter focussed on the determination of the mineralogical and structural 
changes of DSP products formed using different Bayer conditions; temperature, 
reaction time, amount of lime dosing, presence of carbonate and A/C ratio. The 
combination of X-ray diffraction (XRD), infrared spectroscopy (FTIR) and scanning 
electron microscope (SEM) techniques have been used to monitor changes in DSP 
mineralogy and structural changes. This chapter aims to study the effect of different 
Bayer conditions have on the formation of DSP. Knowing these effects will improve 
the understanding of DSP found in red mud. 
 
Chapter 5 – Formation of DSP from different silicate sources 
This chapter provides a better understanding on how the source of silicate influences 
the formation of desilication products under different Bayer conditions (reaction 
time, lime dosing and A/C ratio). This analysis was completed to establish what 
changes in DSP occur based on the original quality of the bauxite ore. X-ray 
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diffraction (XRD), infrared spectroscopy (FTIR) and Scanning Electron Microscopy 
(SEM) have been used to observe the changes in DSP mineralogy and structural 
changes with different Bayer conditions at a synthesis temperature of 220 ˚C.  
 
Chapter 6- DSP signature bands 
Based on the characterisation of DSP formed for different Bayer conditions and 
silicate source, this chapter combines the information gathered in Chapters 4 and 5 to 
establish signature IR bands for sodalite, cancrinite and katoite.  
 
Chapter 7- Characterisation of red mud 
This chapter characterises an Australia red mud using XRD, FTIR and SEM-EDX. 
The difficulties in identifying DSP individual species have been addressed. An 
assessment of the suitability for using FTIR for determining DSP in red mud has 
been made.  
 
Chapter 8- Separation of desilication products from red mud 
This chapter will present a procedure to separate DSP from the bulk of red mud 
minerals, in particular those that share common IR bands with DSP species. The 
separation of DSP from the bulk of red mud made it possible to characterise the DSP 
in red mud. A comparison of laboratory synthesised DSP with DSP separated from 
red mud has been made. 
 
Chapter 9- Conclusion 
It was conclude that instead of using the one characterisation technique (XRD), a 
combination of  XRD and IR would be able to make better predictions on the type of 
desilication products present in red mud, and hence, more accurate quantitative phase 
analysis.  
 
 
6 
 
6 
Vishakya Jayalatharachchi 2016 
2Chapter 2:  Literature review 
2.1 WORLD ALUMINA PRODUCTION 
Aluminium is the third most abundant element in the earth’s crust but does not form as a 
metal naturally. The main ore of aluminium is bauxite, which occurs mainly in tropical 
and sub-tropical areas, like West Africa, Australia, South America and India, while 
smaller deposits can be found in Caribbean and Southern Europe [30-32]. According to 
the United States Geological Survey and the Bureau of Resources and Energy 
Economics, Australia became the highest bauxite producer with almost one-third of the 
world’s production in 2012 [6]. The major commodity produced from bauxite is the 
production of aluminium metal. To produce one tonne of aluminium, it requires two or 
three tonnes of bauxite [4, 33]. This ends up producing enormous amounts of bauxite 
residue, which has a hazardous composition; section 2.2 introduces the issues 
surrounding red mud. Based on the current demand for bauxite, it is estimated that 
operational reserves are sufficient for another 100 years [32, 33], however in order to 
continue to meet the world’s demand for bauxite new reserves will need to be discovered 
or become more economically operational. Section 2.3 discusses bauxite ores followed 
by how the ore is transformed into alumina (section 2.4).  
 
2.2 RED MUD AND ITS IMPACT ON ENVIRONMENT 
Bauxite refinery residue or red mud is the by-product of the Bayer process (used to 
produce alumina) and it is estimated that in the last 120 years, global red mud 
production is around 2.7 billion tonnes [3, 4, 32]. This amount is continually 
increasing at a rapid rate, with 1.5 tonnes of bauxite residue generated per tonne of 
alumina produced [3, 34]. It was predicted that by the year 2015, the production of 
red mud would reach 4 billion tonnes, considering the current increasing demand for 
alumina in the world [34]. Physical and chemical characteristics of the residue vary 
and depend on the type of bauxite ore and conditions used during the Bayer process 
[3, 23]. Bauxite residue mainly consists of iron oxides and hydroxides, silicon 
oxides, titanium oxides and undissolved alumina ( Table 2.1) [4]. It’s red colour is 
due to the presence of 40-60% iron oxides [4]. The main silicon oxide phases found 
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in bauxite residue are sodalite and cancrinite (24-26% and up to 50% by weight) [8, 
10, 11]. Bauxite residue typically consists of 70% crystalline phase and 30% 
amorphous phase [8, 11]. 
 
 Table 2.1: Main chemical composition of bauxite residue [8, 10, 21, 23, 25, 27] 
Component Typical range (%) 
Fe2O3 
Al2O3 
SiO2 
Na2O 
TiO2 
CaO 
20-45 
10-22 
5-30 
2-8 
4-20 
0-14 
 
Table 2.2: Main mineralogical composition present in bauxite residue [3, 4, 8, 11, 
30, 32] 
Component Typical range (%) 
Sodalite - 3(Na2O.Al2O3.2SiO2)2NaX.H2O 
Cancrinite - 
3(Na2O.Al2O3.2SiO2)2CaCO3.nH2O 
Goethite- FeOOH 
Hematite - Fe2O3  
Magnetite – Fe3O4 
Calcium aluminate – 3CaO.Al2O3.6H2O 
Titanium dioxide – TiO2 
Boehmite – AlOOH 
Gibbsite – Al(OH)3 
Kaolinite - Al2O3.2SiO2.2H2O 
4-40 
 
0-50 
 
10-30 
10-30 
0-8 
2-20 
2-15 
0-20 
0-5 
0-5 
 
Due to red mud’s high alkalinity (pH ranging 12-13) and potential heavy metal 
content, it is classed as an environmentally hazardous material, especially if it is not 
treated prior to disposal [6, 34-37]. Currently, a number of different methods are 
used to dispose of bauxite residues. Seawater discharge, lagooning and dry stacking 
are the main disposal methods being used today. These disposal methods have 
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numerous economic and environmental problems, which include high pH, alkali 
leaching into underground water, instability of storage facilities, dust formation and 
vast areas of land consumption [3, 4, 11, 35]. There has been considerable research 
into the utilisation of red mud as a raw material for remediation, construction 
materials, and as a refill material in mines [20, 22, 38-40]; however no commercial 
applications have been developed.  
 
More recently red mud storage areas are being rehabilitated through vegetation [4, 
41, 42]. Rehabilitation is an attractive option as it uses large volumes of red mud, 
while vegetation cover prevents dust generation and deterioration of soil erosion, and 
overall is more aesthetically pleasing. Vegetation of red mud has been the most 
effective and sustainable remediation treatment reported to date [37]. However, the 
use of red mud in land rehabilitation is not fully understood and is made more 
complicated by the lack of understanding of the stability of alkali compounds in red 
mud and how leachates will affect the growth of vegetation. In addition, the 
complexity and variability of red mud means that there is insufficient information 
available on its high alkalinity, poor water holding capacity and low microbial 
activity [3, 4, 8]. The variability of red mud and lack of research in this area has 
contributed to the lack of land rehabilitation programs being implemented.   
 
2.3 BAUXITE 
Bauxite is a mixture of minerals consisting of aluminium compounds such as 
gibbsite (Al(OH)3), boehmite (γ-AlO(OH)) and diaspore (α-AlO(OH)), clay and 
insoluble materials such as quartz, kaolinite, hematite, magnetite and goethite [26, 
43, 44]. Different bauxite compositions (Table 2.3) exist according to the physical 
origin and geological history of the deposits. Lateritic bauxite and karst bauxite are 
the two major bauxite reserves found in the earth’s crust (Table 2.3). Lateritic 
bauxites are usually formed by strong chemical weathering of aluminosilicate 
minerals by continuous leaching of silica, while karst bauxites are typically 
associated with limestone [1, 4, 30]. These deposits can be found near the earth’s 
surface and extend over an area that can cover many kilometres. These deposits are 
typically extracted by open cast mining [32]. 
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Table 2.3:  Compositional differences between lateritic and karst bauxite [17] 
Element Lateritic Karst 
Al2O3 gibbsite, boehmite boehmite, diaspora 
SiO2 kaolinite, quartz kaolinite, quartz, chamosite, illite 
Fe2O3 goethite, hematite hematite, goethite, maghemite, magnetite 
 
 
Figure 2.1: World distribution of laterite and karst bauxite deposits [21] 
 
2.4 BAYER PROCESS 
The Bayer process is the principle process use for refining bauxite to alumina 
(Al2O3) which was developed by Karl Bayer in 1888 [33]. During this process 
bauxite is digested in concentrated sodium hydroxide (NaOH) at elevated 
temperatures (100-280°C) [45]. Different Bayer digestion conditions are used to 
process the different types of bauxite ores due to their mineralogical differences. 
Lateritic bauxites (where gibbsite is the dominant Al containing mineral) are easier 
to digest than karst bauxite (boehmite is the dominant Al containing mineral) as they 
require less severe digestion conditions (lower NaOH concentrations and 
temperatures) (Table 2.4) [17]. Aluminium compounds are soluble under these 
conditions. Insoluble impurities form the residue known as red mud, given its name 
because of its high concentration of iron oxides [26, 46]. This residue is stored in 
large tailings dams, with approximately over 70 Mt stored globally [2, 3, 6]. 
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Table 2.4: Bayer digest variables [3] 
Main Al mineral Gibbsite  [Al(OH)3] Boehmite [-AlOOH] 
Temperature (˚C) 104- 145 200- 232 
Pressure (atm) 1.0- 3.0 6.0 
NaOH (M) 8.9- 3.6 5.0- 3.6 
 
 
The Bayer process consists of four steps 1) digestion, 2) clarification, 3) 
precipitation, and 4) calcination (Figure 2.2). In industry, the Bayer process has a 
white (white alumina product) and red (red mud waste) process stream [17]. 
 
 
Figure 2.2: Schematic of the basic Bayer process with steps with the red background 
represent processes involving either bauxite or red mud (calcination step is not 
shown in this diagram) [17] 
 
Digestion: mined bauxite ore is digested in concentrated hot caustic soda (NaOH) 
that dissolves the aluminium containing minerals (gibbsite, boehmite and diaspore) 
to form a saturated sodium aluminate solution (known as pregnant liquor) [47]. The 
actual Bayer process conditions are highly depend on the type of bauxite ore as 
shown in Table 2.4 [48].  For example, ores with high gibbsite content are digested at 
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140°C, while boehmite and diaspore ores are typically digested between 200- 280°C 
[49].  
 
Gibbsite: Al(OH)3(s) + Na
+
(aq) + OH
-
(aq) → Al(OH)4-(aq) + Na+(aq) 
Boehmite: AlO(OH)(s) + Na
+
(aq) + OH
-
(aq) + H2O(aq) → Al(OH)4-(aq) + Na+(aq) 
 
Clarification: is used to separate the solid bauxite residue from the pregnant liquor. 
Once the two streams have been separated the residue is washed to recover any 
residual caustic soda before being disposed of [48, 50]. 
 
Precipitation: involves the crystallisation of aluminium trioxide (Al(OH)3) from the 
pregnant liquor by cooling it down and seeding (Al(OH)3 fines from classification 
stage). This process forms small crystals of aluminium trioxide that grow into larger 
particles. This is the reverse reaction of the digestion step [50, 51]. 
 
Al(OH)4
-
(aq) + Na
+
(aq) → Al(OH)3(s) + Na+(aq) + OH-(aq) 
 
Calcination: involves subjecting the alumina filter cake to high temperatures (1000-
1250°C) where free moisture and chemically bond water are drive off to form the 
final product, Al2O3 [50, 51]. ` 
 
2Al(OH)3(s) →  Al2O3(s) + 3H2O(aq) 
 
2.5 PRE-DESILICATION 
Bauxite ore with reactive silica greater than about 5% is normally recognised as high 
silica bauxite and considered uneconomical to treat [17, 51, 52]. Silica is usually 
present as quartz and kaolinite (Al2O3.2SiO2.2H2O) [45, 53]. The amount of kaolinite 
and quartz present in bauxite ores differs between sources (Table 2.5). If a bauxite 
ore is deemed to have a high silica content, a pre-desilication step is normally 
conducted prior to the digestion step. 
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Table 2.5: Different ratio of kaolinite and quartz present in bauxite ores [26] 
Bauxite ore Kaolinite 
(Al2O3.2SiO2.2H2O) 
Quartz 
(SiO2) 
Weipa 10.3 Trace 
Darling range 6.5 17.4 
Guinea Boke 2.3 0 
Jamaica 3.4 0.5 
India 5.6 1.4 
Hungary  12.7 0.5 
Greece 3.0 0 
 
Bauxites having large quantities of silica compounds are detrimental to the Bayer 
process and to the production of pure alumina. One of the greatest concerns is the 
consumption of caustic soda and alumina during the formation of desilicated 
products that result in a decrease in alumina production [27, 54-57]. During the 
desilication of kaolinite, one tonne of silica can consume one tonne of caustic soda, 
consequently increasing the loss of caustic soda by decreasing the alumina 
productivity [27, 57]. Due to the existence of aluminium in kaolinite there is no net 
aluminium loss on the formation of desilication products from kaolinite, however 
quartz not only consumes the valuable caustic but also alumina [27, 52]. One tonne 
of quartz consumed is equivalent to one tonne of each caustic and alumina being 
consumed to form desilication products, which is economically not preferable [27]. 
 
Bauxite ores with a high silica (SiO2) undergo a pre-desilication step to reduce the 
formation of DSP during digestion. During pre-desilication process, bauxite slurry is 
kept at near atmospheric pressure for several hours at 100˚C to encourage the re-
precipitation of the solubilised silica to desilication products [14, 58]. Typically, 80-
90% of the reactive silica transforms into desilication products, which can then be 
removed before the digestion stage [17]. Sodalite is believed to precipitate as a stable 
phase at lower temperatures (150˚C) and will transform to cancrinite at higher 
temperatures (above 200˚C) and longer holding times [59]. The pre-desilication 
process will reduce the silica content in the Bayer liquor thus reduce the amount of 
scale formation and minimise its effect on the final product [3, 58].  
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At low temperature conditions required for gibbsite dissolution (less than 150˚C), 
quartz will not react with caustic soda and will not show a negative effect on alumina 
production [33, 51]. However, bauxite ores consisting of primarily boehmite or 
diaspore require temperatures higher than 200˚C to digest [3, 11, 17, 60], which 
initiates the reaction of quartz with caustic soda to form desilication products [27, 48, 
56, 61]. Therefore, shorter retention times tailored to boehmite bauxite ore digestion 
is important to eliminate the excessive quartz dissolution while optimising the 
boehmite extraction [17, 33, 56]. 
 
Kaolinite reacts with caustic soda to form desilication products during the pre-
desilication step at temperatures less than 150˚C [27, 33, 62]. Not all of the kaolinite 
will dissolve during the pre-desilication stage due to its association within the 
gibbsite matrix, however DSP formation during digestion with harsher Bayer 
conditions will be reduced [27]. Unlike kaolinite, quartz is less reactive to caustic 
soda at low temperatures and only starts to react at 180˚C [27, 33].   
 
Al2O3.2SiO2.2H2O + 6NaOH → 2Na2SiO3 + 2NaAlO2 + 5H2O                     [17]          
        Kaolinite 
 
 SiO2 + 2NaOH → Na2SiO3 + H2O                                                                   [61]         
 Quartz 
 
6Na2SiO3 + 6NaAlO2 +Na
+ + 2X- + (y-6)H2O → 3(Na2O.Al2O3.2SiO2.2H2O).Na2X                                              
+ 12NaOH            Desilication product  [13, 17]      
                                                   
X= ½CO3
2-, ½SO4
2-, OH-, Cl- 
 
2.6 EFFECT OF DESILICATION PRODUCTS ON BAYER PROCESS 
Desilication products from the Bayer process can contain one or more of the 
following compounds: Bayer sodalite (3(Na2O.Al2O3.2SiO2)2NaX.H2O, cancrinite 
(3(Na2O.Al2O3.2SiO2)2CaCO3.nH2O) or noselite 
(3(Na2O.Al2O3.2SiO2)Na2SO4.2H2O) [11, 13, 15]. Sodalite and cancrinite are the 
most common desilication products that form. With the addition of lime, and under 
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specific Bayer digestion conditions, Ca containing hydrogarnets with the formula of 
Ca3Al2(SiO4)n(OH)12-4n, (where n≈ 0.6) are formed [26, 52, 63-66]. In most Bayer 
alumina plants, increased costs are directly caused by the presence of Si in bauxite 
[14].   
 
Desilication causes various negative effects on the Bayer process, however the 
greatest issue concerns the consumption of soda and alumina during the process. 
Continuous addition of fresh caustic soda is required to offset the soda loss during 
the process. It was found that the amount of reactive silica present in bauxite is 
directly proportional to the loss of soda and alumina due to the formation of DSP 
[14, 18, 67]. Consequently this increases the production costs due to the larger 
quantity of caustic soda required and a reduction in alumina produced [18]. 
Currently, there have been major studies on the recovery of soda from DSP and re-
use in the Bayer process [17].  
 
Precipitation of desilication products increases with temperature, therefore a 
particular problem with dissolved silica is the formation of scale on heat exchangers 
[54, 67-71]. DSP can precipitate as fine scales of hard insoluble crystalline solids that 
are difficult and costly to remove [72, 73]. This scaling can occur on process pipes, 
vessels, heat transfer equipment and other process equipment at elevated 
temperatures. Scales form bottlenecks that reduce liquor throughput and thus alumina 
production. The efficiency of heat transfer on heat exchanger surfaces reduces as the 
scale builds up, due to the low thermal conductivity of scale compare to the steel of 
the wall [67, 73, 74]. Thus, frequent cleanings of surfaces (as often as every one to 
two weeks) are required to sustain adequate levels of productivity [67]. De-scaling of 
surfaces can be done by using hazardous concentrated acids (sulfuric acid) and by 
mechanical cleaning; both methods incur a considerable cost that affects the 
economic impact of alumina production [67, 69, 72, 73].  
 
Even though DSP has adverse effects on the Bayer process it also shows some 
positive effects on controlling anion impurities in the Bayer liquor, through the 
incorporation of anions into the DSP framework [15, 50, 75]. These anionic species 
balances the positive charge generated by the structural cations in DSP species.  
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2.7 DESILICATION PRODUCTS 
Sodalite and cancrinite are the main desilication phases formed by the Bayer process. 
Both have a common chemical formula Na6[Al6Si6O24].2NaX.H2O (X= CO3
2-,SO4
2-
,OH-,Cl-), however, their crystal structures are different. 
 
 Sodalite  
The typical cubic sodalite framework is formed by alternating interconnected eight 6-
membered and six 4-membered rings of [AlO4]
5- and [SiO4]
4-. Sodalite shows 
ABCABC stacking sequence with β-cages with P4̅3n symmetric group (Figure 2.3). 
These β-cages share six rings and four rings with neighbouring cages by forming 
body centered structure. Due to the flexibility of the sodalite cage by tilt mechanism, 
it is possible to incorporate anions into the sodalite cage [25, 75-84].   
 
 
 
Figure 2.3: Stacking sequence of 6 rings in sodalite (ABCABC).  Red, green and 
blue represent the different positions of the vertically stacked layers [82] 
 
 Cancrinite  
Cancrinite shows hexagonal framework with P63. It is made up of alternating five 6-
membered rings and six 4-membered rings of [AlO4]
5- and [SiO4]
4- forming ε-cages. 
These units share the sixth ring with upper and lower cages. Cancrinite contains large 
continuous channels consisting of 12-membered rings (Figure 2.4) with a free 
dimension of 6.2Å. These structures show ABAB stacking sequence [25, 82, 85-92].  
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Figure 2.4: The stacking sequence of cancrinite (ABABAB). Red and blue are to 
represent the different positions of the vertically stacked layers [82] 
 
The β-cages and ε-cages found in sodalite and cancrinite, respectively, are positively 
charged species and thus require the intercalation of anions to neutralise the structure 
[19, 93-95]. 
 
 Formation of desilication products 
Silica present in bauxite ores will dissolve under specific conditions and re-
precipitate as less solubilised desilication products during the pre-desilication and 
digestion steps in the Bayer process [50, 58].  Formation of sodalite from kaolinite is 
described by two steps; 
1. Dissolution of aluminosilicate compounds releasing Al and Si  
2. Zeolite crystallisation 
 
With the presence of alkali metals in the aqueous medium aluminosilicate precursors 
commence the crystallisation of zeolites. Small oligomers form with the dissolution 
of starting materials in the beginning of the reaction. As the dissolution proceeds, 
formation of ionic species encourages which then transport to the nucleation sites. 
Because of ionic species movements they are known as mobile species and it is 
believed that the nucleation is affected by the thermodynamic and kinetic parameters. 
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          Figure 2.5: Formation of sodalite cage [96] 
 
Formation of zeolite precursors occurs through a polymerisation process of SiO4 or 
AlO4 tetraherda, denoted as TO4 primary building units that form larger structures to 
accommodate charge balancing alkali metals. The size and structure of 
polymerisation species control the hydrogel composition, crystal size and 
morphology of the zeolite. At first the tetrahedral building units link together to form 
4-ring and 6-ring structures, comprosed of 4 and 6 tetraherdal units respectively. 
They link together to form larger secondary building unis such as sodalite β-cages 
(Figure 2.5). The secondary building units combine to form the zeolite structures 
(Figure 2.6 and Figure 2.7) [19, 96].    
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Figure 2.6: Sodalite cage and stacked sodalite structure [97] 
 
 
Figure 2.7: Cancrinite cage and stacked cancrinite structure [97] 
 
 Transformation of sodalite to cancrinite 
Studies report that the phase transformation of sodalite to cancrinite is a solution 
mediated process which occurs via four steps [46]: 
1. Sodalite dissolution 
2. A relative cancrinite supersaturation due to the dissolution of sodalite 
3. The nucleation of cancrinite depending on the NaOH concentration 
4. Consequent growth of cancrinite 
 
This rate of transformation can be increased by increasing the temperature and the 
concentration of NaOH [19]. It is proposed that sodalite dissolves slowly and re-
precipitates as cancrinite on the sodalite surface followed by cancrinite crystal 
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growth [46]. Cancrinite formation has been found to only occur in liquid medium 
[46, 53].  
 
Aluminosilicate species → amorphous phase → zeolite → sodalite → cancrinite [46] 
 
2.8 FACTORS EFFECTING THE FORMATION OF DSP 
 Temperature 
Temperature is one of the main factors that influences the formation of desilication 
products in the Bayer process [98]. During the Bayer digestion process, the formation of 
sodalite is favoured at lower temperature conditions (below 200˚C) [99, 100], while the 
formation of cancrinite is favoured at higher temperatures (above 200˚) [101]. Increasing 
the temperature (than 100˚C), increases the formation of basic sodalite from kaolinite 
with less reaction time [102]. Increasing the temperature in the range of 200 to 250˚C 
increases the transformation of sodalite to cancrinite during digestion [12, 46, 49, 63]. 
Rapid formation of cancrinite at higher temperatures is believed to reduce  soda 
consumption, in the presence of lime [103]. 
 
 NaOH concentration 
Reactive silica is first dissolved in Bayer liquor during the digestion stage of bauxite 
ore and then precipitates as desilication products. The reaction of silica in a NaOH-
NaAl(OH)4 media results in two simultaneous reactions: 1) dissolution of silica and 
2) precipitation of desilication products. In the dissolution step, silica in bauxite ore 
is attacked by caustic soda to form silicon and aluminium species [44]: 
 
Al2O3.2SiO2.2H2O(s) + 6OH
-
(aq) + H2O(aq) → 2Al(OH)4-(aq)  + 2H2SiO42-(aq)                   
 
During the precipitation step, aluminium species react with silicon species to form 
desilication products: 
 
8Na+(aq) + 2OH
-
(aq) +6Al
3+
(aq) + 6SiO2(aq) + 14H2O(aq) ↔ Na8Si6Al6O24(OH)2(H2O)2(s)                                                             
+ 24H+(aq)       
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Studies show high sodium hydroxide concentrations (16M NaOH) preferably 
produce sodalite, while cancrinite is more favourable at lower NaOH concentrations 
(4 to 8M) [94]. 
 
 A/C ratio 
The Bayer process uses different nomenclatures to express the hydroxyl, carbonate 
and aluminate concentrations in the liquor. There also exist expressions that describe 
the critical ratios for observing aluminate supersaturation and carbonate levels. The 
nomenclature typically used are: 
 
C – Total caustic (NaOH + NaAl(OH)4) expressed as equivalent sodium carbonate 
(g/L Na2CO3)   
A – Aluminium content expressed as equivalent sodium carbonate (g/L Al2O3) 
S – Caustic + carbonate content expressed as equivalent sodium carbonate (g/L 
Na2CO3)   
A/C – Ratio of A and C gives an indication of the saturation state of the liquor. 
 
When the A/C = 0.7 the Bayer liquor is referred to as “pregnant liquor”, while an 
A/C = 0.4 is called “spent liquor”. After the precipitation step in the Bayer process, 
spent liquor is separated from the pregnant liquor and discarded with red mud [13, 
17]. Studies report that kaolinite dissolution depends on the free caustic available to 
react [104]. The crystallisation of desilication products normally occurs around A/C 
= 0.2, while no desilication products form at higher aluminate levels. This is due to 
desilication products having an increased solubility at higher A/C ratio [58, 104]. 
 
 Anion incorporation 
A range of anion impurities can be present in Bayer liquor including Cl-, CO3
2- and 
SO4
2-, all of which can have a negative impact on the efficiency of the Bayer process. 
The formation of Na2CO3 and Na2SO4 occurs by the reaction of caustic in Bayer 
liquor with dissolution products of carbonate or sulphur containing minerals present 
in bauxite and carbon dioxide. Anion impurities can be reduced by incorporating 
them into sodalite and/or cancrinite cages [50, 105]. The formation of sodalite or 
cancrinite has been found to be dependent on the type of anion available during the 
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reaction [99]. Simple monoatomic ions, e.g. Cl-, Br- and ions with lower symmetry 
than NO2
- generally form sodalite frameworks (Figure 2.8), while ions with three 
fold rotation axis, NO3
-, CO3
2- and SO4
2- generally form the hexagonal cancrinite 
structures (Figure 2.9)[94, 106]. Studies report that the degree of anion incorporation 
into the sodalite structure under Bayer conditions shows the following affinity, OH- 
<< Al(OH)4
- < Cl- < CO3
2- << SO4 [44, 105]. 
 
 
Figure 2.8: (a) SO4
2- and (b) Cl- ions in sodalite cage [85] 
 
 
 
Figure 2.9: (a) H2O and (b) Cl
- ions in cancrinite cage [85] 
 
2.9 EFFECT OF DSP IN LAND REHABILITATION 
Bauxite residues are strongly alkaline (pH >10), have a high salt content and electrical 
conductivity (EC >30 dS m-1) dominated by sodium (Na+) and the particles are 
compacted (high bulk density) which makes revegetation of bauxite residues 
complicated [6, 11]. 
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As mentioned, the complexity of red mud means that there are still numerous issues 
with land rehabilitation that need to be resolved before widespread implementation 
can occur. The presence of desilication products in bauxite residue has given arise to 
many drawbacks in rehabilitation programs [4, 6, 8, 107]. The significant 
concentration of Na+ in red mud is believed to be due the presence of desilicated 
products (approx. 75% of Na+) [6, 11, 107, 108]. Studies have found that the 
dissolution of DSP is dependent on the sodium concentration of the residue, while 
DSP in seawater neutralised residues is expected to dissolve over longer timeframes 
(can takes decades) [6]. The presence of Na+ at alkaline pH normally acts as an 
inhibitor to the creation of aggregate structures and hydraulic conductivity in plant 
growth [4, 8].  Another major drawback is the presence of large concentrations of 
Na+ that cause a high electrical conductivity, which limits the plants uptake of water 
[8, 11]. However, the mechanism involved in cation exchange for Na+ in desilication 
product cages has not yet been studied or understood properly [11, 107]. Also the 
slow dissolution of desilication products in red mud leads to a long term problem 
regarding the alkalinity and salinity [6, 11]. Therefore, understanding the mechanism 
and structure of desilicated products is critical in order to establish successful 
revegetation programs [6, 8, 11].   
 
Even though DSP is stable under alkaline conditions, it will decompose under neutral 
to acidic conditions releasing sodium, hydroxide, aluminate and silicate ions; hence 
acting as a significant solid alkaline pH buffer in bauxite residues [3, 8, 11, 35]. The 
acid neutralisation capacity (ANC) is expressed as how much acid bauxite residues 
can neutralise. The ANC at pH 7.0 for bauxite residue is about 1.2 mol H+ kg-1 of 
residue, while that of DSP is 2.6 mol H+ kg-1 [11].   
 
Hydroxysodalite 
Na6[Al6Si6O24]. 2NaOH + 24H2O ⇆ 8Na+ + 8OH- + 6Al(OH)3 + 6H4SiO4 
 
Cancrinite 
Na6[Al6Si6O24].2CaCO3 + 26H2O ⇆ 6Na+ + 2Ca2+ + 8OH- + 2HCO3- + 6Al(OH)3  
   + 6H4SiO4 
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Bauxite residue’s electrical conductivity (EC) is toxic to plant growth with pre-treatment. 
EC is related to the ionic strength of a solution, and cationic and anionic concentrations 
of the solution. The presence of high amounts of Na+ leads to a high EC in bauxite 
residue [8, 11, 35]. As the concentration of Mg2+ and Ca2+ are negligible when the pH is 
above 10, they do not significantly contribute to the EC [11].  
2.10 CHARACTERISATION OF DSP 
Understanding the behaviour of DSP in bauxite residues has become a critical need in 
the aspect of rehabilitation programs as they make up a large portion of alkaline 
compounds found in bauxite residues and tends to be lethal to plants and microbes.   
 
 X-ray diffraction (XRD) 
X-ray powder diffraction has become an important technique in identifying and 
quantifying most crystalline substances, such as minerals. High sensibility, easy 
sample preparation, fast speed, depth profiling, convenient operational procedure, 
easy data interpretation, are some advantages of powder XRD [10, 20, 109]. XRD 
can be used to characterise the atomic and molecular structure of a crystal; achieved 
by crystalline atoms causing a beam of incident X-rays to diffract in many different 
directions at specific angles and intensities [109, 110]. The collection of this 
information can then be used to provide the height of layers as well as the bulk 
properties of the sample [109, 111-114]. Each crystalline material has a characteristic 
diffraction pattern based on its cell parameters, space groups and symmetry [111]. 
Therefore, X-ray diffraction patterns of a pure substance is like a fingerprint of that 
substance [113, 114].  
 
Diffraction patterns (diffractogram) are an illustration of intensity vs diffraction 
angle (Bragg angle 2θ) [110, 113-116]. In a diffractogram, the position of the peak 
depends on the periodic arrangement of the atoms and wavelength used [113, 114]. 
From the position of the peak, information on qualitative phases and lattice 
parameters can be determined. Intensity of a peak is determined by the following 
parameters:  
1. Structure factor, which is determined by the symmetry of the crystal, the 
position of the atoms in the unit cell and the number of electrons of the atoms  
2. Amount of the material  
24 
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3.  Absorption in the material  
The main information obtained from peak intensity are qualitative phase analysis, 
crystal structure and preferred orientation [113-116]. 
 
A crystal structure is an exclusive three-dimensional arrangement of atoms in solid 
matter. The crystal structure is composed of a unit cell which is periodically repeated 
in three dimensions on a lattice [110]. The space between unit cells in various 
directions is called its lattice parameters. The symmetry properties of the crystal are 
embodied in its space group. In contrast, the amorphous state of a structure has only 
a short-range order of atoms and appears as very broad humps in the diffraction 
pattern instead of clear diffraction peaks [110, 113, 114, 116]. 
 
Determination of the phases (qualitative analysis) is based on comparing the 
measured diffractogram with an available reference database which contains the 
experimentally/calculated information of d-values, intensities and crystal structure 
data. ICDD (International Centre for Diffraction Data) supplies such database [113, 
115, 116]. Quantitative phase analysis can be described as the measurement and 
calculation of the concentrations of the composite phases [113, 114]. The intensity of 
a diffraction peak is proportional to the concentration of consisting chemical phase, 
therefore quantitative phase analysis can be determined by measuring one or more 
diffraction peaks of a phase and converting the net intensity to a weight fraction or 
concentration [110, 114, 115]. An internal standard (10-15%) is typically added to 
the sample to provide a baseline for calculating the concentration/amount of other 
phases in the sample. When selecting the internal standard it must meet the following 
requirements [113, 116]: 
 Chemically stable  
 Small crystallite size 
 No chemical reactions with the sample 
 Internal standard peaks must not overlap with the analytical peaks of the 
sample  
 Has only a few peaks 
Addition of an internal standard also enables the amorphous phase content to be 
calculated [113, 116].  
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The structural framework of both sodalite and cancrinite are similar, sharing many of 
the same diffraction peaks [53]. This hinders the quantification of these phases in 
bauxite residues. The main identifying peaks for cancrinite are the 101 and 211 
occurring at d-spacings around 4.24 and 3.24 Å [19], while the main peaks for 
sodalite are 110 and 211 occurring at d-spacings around 6.25 and 3.612 Å [53, 117, 
118]. Hence the identification of quantitative phase in red mud would be highly 
dependent on the suitable structure for DSP in the sample [10]. 
 
 Infrared (IR) spectroscopy 
Infrared spectroscopy can be used to identify particular functional groups, metal 
oxygen bonds and hydrogen bonds that have a change in dipole moment. IR 
spectroscopy can be used to determine the crystallinity of materials, and whether the 
sample has organic and inorganic species [111]. Molecules absorb at specific 
frequencies that are characteristic to its structure and are associated with a particular 
vibrational mode and bond type [111]. It is important to note that internal vibrations 
can change if there is a change in  the bond angle or bond length of a molecule [119]. 
Overall, infrared spectroscopy is a powerful method that provides information on 
different chemical groups present in the compound, their symmetry and the presence 
of hydrogen bonding [120]. 
  
Zeolite framework vibrations give rise to a number of typical bands in mid and far 
infrared [119, 121-125]. These vibrations can be classified into two groups: 1) 
internal tetrahedral vibrations (structure insensitive) arising from either SiO4 and 
AlO4 or Si-O-Si and Si-O-Al bridges [124, 126-128] (no significant change in 
tetrahedral cation position [129]), and 2) the secondary building units (SBU) and 
fragments of aluminosilicate framework (involve changes in atom position oxygen 
bridges [129])  typically called external tetrahedral (structure sensitive) [124, 126-
128]. A summary of typical zeolite framework vibrational modes are provided in 
Table 2.6. 
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Table 2.6: Assignment of zeolite Infrared bands [124, 126-128] 
Intratetrahedral/external (structure sensitive) 
Double ring 
Pore opening 
Symmetrical stretch 
Asymmetrical stretch 
650-500 cm-1 
420-300 cm-1 
820-750 cm-1 
1150-1050 cm-1 
Intertetrahedral (structure insensitive) 
Asymmetric stretch 
Symmetric stretch 
O-T-O bend 
1250-950 cm-1 
720-650 cm-1 
500-420 cm-1 
 
A number of studies have been carried out to resolve the assignment of IR bands for 
sodalite and cancrinite frameworks (Figure 2.10) [19, 86, 93, 120, 130]. Sodalite and 
cancrinite share similar vibrational modes, and therefore have peaks in similar 
regions, but have different peak positions due to differences in bond length and bond 
angles (typical bands for each are summarised in Table 2.7). The asymmetric stretch 
of Si-O-Al bands appear as four peaks at around 1110, 1050, 1020 and 960 cm-1  [19, 
120, 130]. Two medium absorbance peaks at 770 and 688 cm-1 [19, 101, 120, 130, 
131] rise due to the symmetric stretch of the Si-O-Al bonds. Single medium peaks 
between 560 and 570 cm-1 [19, 130, 132] and 450 and 460 cm-1 [19, 130] are 
observed due to the double ring of the cancrinite structure and bending mode of T-O 
(T= Al or Si), respectively. The region between 400 and 800 cm-1 is known as the 
‘fingerprint’ region and is very sensitive to the structural changes in the framework 
[19, 130]. Water molecules in cancrinite cages are observed as two O-H stretching 
vibrations in the range of 3250-3615 cm-1 [86, 120, 131]. The corresponding H-O-H 
bending vibrations are observed at 1628 and 1633 cm-1 [86, 131]. The CO3
2- anion, 
commonly found in cancrinite cages, gives rise to peaks at 1410, 1455 [133] and 850 
cm-1 [86].  
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Figure 2.10: IR spectrum of CO3
2--cancrinite and low  CO3
2--sodalite [130] 
 
Table 2.7: Summarised wavenumbers of bands in IR spectra [45, 81, 100, 101, 117, 
121, 134] 
Assignment Sodalite 
(cm-1) 
Cancrinite 
(cm-1) 
Antisymmetric stretching vibrations of 
Si-O-T (T= Si or Al) 
950-1200 
Symmetric vibrations of Si-O-T  
(T= Si/ Al) 
600-800 
O-Si-O bending vibration 400-500 
Al-O-Al stretching 800-900 
H2O vibrations 3600-3000 and 
1650  
3600-3100 and 
1650 
0-H stretching vibration 3640 3600 
Stretching vibration of CO3
2- Low CO3
2- -1415, 
1470 (weak) 
High CO3
2—1415, 
1470  
1500 
Stretching vibration of NO3
- 1385 1423 
Stretching vibration of SO4
2-  1120 and 600-700 
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 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) generates a beam of high-energy electrons 
towards the surface of solid specimens to reveal information about morphology, 
chemical composition, crystallinity and orientation of material which forms the sample. 
The technique is use for the visualisation of the microspace (1 micron= 10-6 m)  and 
nanospace (nanometer= 10-9 m), which is inaccessible by normal light microscopy [135, 
136]. Interaction of the electron beam with the sample, causes atoms in the sample to 
undergo shell transitions resulting in an emission of characteristic X-rays for each 
element present in the sample which can then be quantified by energy dispersive 
spectroscopy (EDS) [135, 136].   
 
In order to achieve a better resolution image the electron beam, sample, and detector 
geometry should be optimised. Recommended accelerating voltage during an analysis is 
15-30 kV if the samples are stable under high vacuum and not inclined to destruction by 
the electron beam [135, 136]. Electron beam current (probe current) controls the 
intensity of X-rays generated and the probe current needs to be adjust to minimise the 
damage to the sample but should be sufficient enough to generate X-rays that are reliable 
for quantification. Non-conductive materials including most geological samples tend to 
charge during SEM analysis and produce poor images. Therefore, these samples require 
a coating with a thin layer of carbon (50 -100 Ǻ) prior to analysis in order to avoid 
sample charging [135, 136].    
 
SEM coupled with EDS analysis is capable of determining the qualitative analysis or 
semi-quantitative analysis. In quantitative EDS analysis in SEM weight percentage of 
elements present in sample calculated by comparing the characteristic X-rays generated 
with the data measured from standard references materials [135, 136]. Sodalite can be 
identified by its cubic crystal morphology, while cancrinite crystals appear as prismatic 
hexagonal structures (Figure 2.11) [94, 102, 104, 137]. They also appears as the 
spheroidal “cotton ball” type morphology for sodalite and prismatic crystals “yarn 
structures”, respectively [94]. A number of studies have observed similar morphologies 
for sodalite and cancrinite [46, 96].  
    
29 
 
29 
Vishakya Jayalatharachchi 2016 
 
Figure 2.11: SEM image of a mixture of sodalite/cancrinite [94] 
 
Table 2.8: Summary of advantages of analytical techniques used in this study 
Characterisation 
technique 
Information available Sample preparation Speed 
XRD 
 Phase analysis 
 Quantitative analysis 
 Crystallinity  
Powdered sample  
(2-4 g) 
Fast 
FTIR 
 Qualitative analysis 
 Identification of 
chemical functional 
groups  
Less than 50 mg of 
powdered sample 
Fast 
SEM with EDS 
 Qualitative and 
quantitative analysis 
 Morphology  
 Elemental concentration 
(area specific)  
Powdered sample 
mounted on a stub 
with a carbon coating 
Variable 
depending on the 
requirement of 
analysis 
 
2.11 IMPLICATIONS 
Desilication is an important process during the digestion or pre-desilication stages of 
the Bayer process. The primary purpose of this step is to limit the amount of silica 
present in Bayer liquor in order to achieve a pure final alumina product. However, 
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the disposal of desilication products in bauxite refinery residues has a number of 
drawbacks in land rehabilitation and storage pH requirements; mainly due to an 
inability to accurately quantify DSP. Industries use different Bayer conditions to 
optimise the digestion of alumina from bauxite ore depending on the ore’s 
composition. However, different Bayer conditions result in variations in desilication 
products that form and their respective quantities. Quantitative analysis of bauxite 
residue using XRD techniques (commonly used in the alumina industry) becomes 
difficult and inaccurate due to the similarities in XRD patterns for DSP. Accurate 
data is essential to predict the behaviour of these alkali compounds in revegetation 
programs, as well as in storage facilities, as they have the potential to cause a rise in 
pH, electrical conductivity and Na+.   
 
Analysis methods are currently inadequate to quantify the exact type of desilication 
compounds in a red mud matrix and thus forms the basis of this research. This 
research will investigate the structural changes of desilication products formed from 
different solution chemistries that exist in the Bayer process and develop a standard 
method to identify and quantify desilication products using combined 
characterisation techniques. The aim of this work is to 1) predict the different 
desilication products present in red mud based on digestion conditions, 2) identify 
process conditions used during digestion based on the structures of desilication 
products in red mud, and 3) develop a procedure to separate desilication products and 
determining the possibility and accuracy of comparing laboratory synthesised DSP 
with DSP found in red mud.  
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3Chapter 3:  Research design 
3.1 INTRODUCTION 
The two main desilication products synthesised in this study were sodalite and 
cancrinite. All conditions used remained within the constraints of those used in the Bayer 
process. Synthesis has been completed using a Berghoff high pressure reactor vessel and 
conditions were controlled by a BTC-3000 controller unit.  
 
Literature review reveals that the formation of DSP is dependent on: 1) temperature, 2) 
reaction time, 3) lime addition, 4) anion, 5) NaOH concentration, and 6) A/C ratio. This 
study focused on temperature, time, A/C ratio and lime addition. The effect of silicate 
source (kaolinite and quartz) on the formation of DSP was also investigated. These DSP 
species were characterised with XRD, FTIR and SEM-EDS to elucidate the impact each 
variable had on the composition and structure of DSP. 
 
A methodology has been developed to separate DSP from the bulk of mineralogical 
phases in bauxite residue, in order to characterise DSP more fully. Extensive 
characterisation has been completed to study the structural, morphological and 
quantitative differences in DSP structures and to monitor these differences based on 
formation conditions.  
 
3.2 METHODOLOGY 
 Bayer liquor synthesis 
335.50 g sodium aluminate was slowly added to 800 mL of ultra-pure water until it had 
dissolved.  Subsequently, 75.00 g of sodium hydroxide was added to this latter mixture. 
A second solution was prepared by careful addition of 40.00 g of sodium carbonate to 
200 mL of ultra-pure water. The two solutions were combined together to form a total 
volume of 1 L with a Bayer liquor A/C ratio of 0.59. This Bayer liquor was used for 
experiments involving elucidation of the impact of lime addition and reaction time. 
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 Formation of desilication products 
100 mL of synthetic Bayer liquor was placed into a 300 mL Berghoff high pressure 
reactor vessel. Depending on the variable being tested, known amounts of lime and 
kaolinite/quartz were added. The required reaction time and temperature were adjusted 
by using the BTC-3000 controller unit. Due to the design of the reactor there was a 1 h 
period required to heat the reactor from ambient to reaction temperature. The solution 
was agitated at 400 rpm to ensure adequate mixing occurred. Upon completion of the 
reaction, the reactor was cooled to ambient temperature and precipitates were collected 
then dried in an oven overnight (80°C).   
 
The effect of reaction temperature was determined over a range of temperatures (80- 
220˚C) for 1 h by using both Bayer liquor with and without carbonate (Appendix, Table 
1). The impact of reaction time on the formation of carbonate and basic sodalite was 
studied for a times ranging between 1 and 24 h at 100˚C (Appendix, Table 2).  
 
The impact of reaction time at high digestion temperatures were studied using a mixture 
with, no lime and 1.0 g of kaolinite. Reaction times ranged from 1 to 48 h (not including 
heating and cooling times) at 220°C (Appendix, Table 3). 
 
The effect of lime concentration was determined using 1.0 g of kaolinite and lime 
masses ranging from 0 to 1.0 g for 1 h at 220˚C (Appendix, Table 4 ).  
 
The influence of the A/C ratio (0.1- 0.6) required a number of Bayer liquors to be 
prepared using the method described previously with a constant NaOH concentration of 
75.0 g/L and 40.0 g of Na2CO3. Each of the Bayer liquors were reacted with no lime and 
1.0 g kaolinite at 220°C for 1 h (Appendix, Table 5) 
 
Instead of using kaolinite quartz was replaced with using the similar conditions and 
chemicals showed in tables (Appendix, Tables 3-5) for the comparison of effect of 
quartz and kaolinite on the formation of DSP. 
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3.3 SEPARATION OF DSP FROM RED MUD 
Separation of DSP from red mud was based on size and density differences of minerals 
found in red mud.  
 
 Red mud separation by sieving 
Dry sieving: 500 g of red mud slurry residue was dried in oven at 80˚C for three days 
to ensure the sample was completely dried. Dried red mud residue was then sieved 
using a 45 micron sieve to produce two size fractions (greater than 45 microns and 
less than 45 microns). 
 
Wet slurry separation: 315.85 g of red mud slurry was sieved using 45 and 20 micron 
sieves (separately) to produce two fractions for each sieve size (greater than 45/20 
microns and less than 45/20 microns). All size fractions were dried for two days at 
80˚C. 
 
 Separation by heavy liquid 
As DSP has the lowest density of the bulk of minerals present in red mud, it can be 
separated using density fractions. Two chemicals have been used in this experiment, 
sodium tungstate (solid) and lithium metatungstate [138] (liquid). An appropriate 
amount of sodium tungstate was dissolved in deionised water to achieve 2.4 gcm-1 
density, however a 2.4 gcm-3 density could not achieve by this chemical and will be 
discuss more details on the results section. Instead a density of 2.1 gcm-3 was used. 1 g of 
red mud, which has a particle size less than 20 micron (previously separated at 20 
micron) was placed in a 100 mL separatory funnel and 50 mL of sodium tungstate of 
know density was added. The solution was allowed to stand for 24 h to allows for the 
separation of the two fractions: 1) particles with a density higher than 2.4 gcm-3 sunk to 
the bottom of the separatory funnel, and 2) particles with a density less than 2.4 gcm-3 
floated (Figure 3.1). Two fractions were separated and dried overnight in an oven at 
80°C.     
 
34 
 
34 
Vishakya Jayalatharachchi 2016 
 
Figure 3.1: Schematic of heavy liquid separation by separatory funnel 
 
A range of solution densities were prepared using LMT by adding the required 
amount of distilled water to the original LMT liquid with an original density of 2.95 
gcm-3 (Appendix, Table 6). However, separation using a separatory funnel did not 
produce good separation and was thus completed by centrifugation. 0.5 g of red mud 
was centrifuged with 25 mL of LMT for 15 minutes at 4400 rpm. Since the lower 
density fraction produced was not enough for the analysis, a number of separate 
separations were completed several times until an adequate amount of sample was 
collected. The low and high density fractions were dried overnight at 80°C before 
characterisation.   
 
3.4 CHARACTERISATION TECHNIQUES 
 X-ray diffraction 
X-ray diffraction (XRD) patterns were collected using a Panalytical X'pert wide angle 
X-ray diffractometer, operating in step scan mode, with Co K radiation (1.7903Å). 
Patterns were collected in the range 5 to 90° 2θ with a step size of 0.02° and a rate of 30 
s per step. Samples were prepared as finely pressed powder into quartz sample holders.  
The XRD patterns were matched with ICSD reference patterns using the software 
package HighScore Plus. The profile fitting option of the software used a model that 
employed twelve intrinsic parameters to describe the profile, the instrumental aberration 
Low density 
particles 
High density 
particles 
Sodium 
tungstate 
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and wavelength dependent contributions to the profile. Quantitative phase analysis was 
performed via the Rietveld method using Total Pattern Analysis Software (TOPAS, 
version 5). A known concentration of corundum (Al2O3) (10wt%) was added to the 
samples to enable the calculation of a residual which describes the non-
diffracting/unidentified component, often called “amorphous content.” 
 
 Fourier Transform Infrared Spectroscopy (FTIR) 
Infrared spectra were obtained using a Nicolet Nexus 870 Fourier Transform infrared 
spectrometer (FTIR) with a smart endurance single bounce diamond ATR (attenuated 
total reflectance) cell. Spectra over the 4000-400 cm-1 range were obtained by the co-
addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 0.6329 m/s.  
Spectral manipulation such as baseline adjustment, smoothing and normalisation were 
performed using the spectracalc software package GRAMS (Galactic Industries 
Corperation, NH, USA). Band component analysis was undertaken using the Jandel 
‘Peakfit’ software package which enabled the type of fitting function to be selected and 
allows specific parameters to be fixed or varied accordingly. Band fitting was done using 
a Lorentz-Gauss cross-product function with the minimum number of component bands 
used for the fitting process. The Gauss-Lorentz ratio was maintained at values greater 
than 0.7 and fitting was undertaken until reproducible results were obtained with squared 
correlations of r2 greater than 0.995. It should be noted that the FTIR spectrums present 
in this work are relative and band intensities are maximised and not directly comparable. 
 
 Scanning electron microscope (SEM) 
Scanning electron microscope (SEM) imaging was conducted on a JEOL 7001F. Prior to 
the analysis samples were coated with a thin carbon film using a Cressington 208 carbon 
coater. An accelerating voltage of 15.0 kV was used for SEM imaging. Energy 
dispersive spectra (EDS) analysis was performed using the AZtech 3.0 programme. 
SEM analyses required different magnifications in order to obtain a better visualisation 
of the crystal morphologies and therefore scales for SEM images are different. 
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 ICP-OES 
Solutions were analysed using a VISTA-MPX CCD simultaneous ICP-OES 
instrument using an integration time of 0.15 seconds with 3 replications, with the 
following wavelengths: Al (396.152), Ca (422.673), Mg (285.213) and sodium 
(589.592). A certified standard from Australian Chemical Reagents (ACR) 
containing 1000 mg/L of aluminium, calcium, magnesium, and sodium was diluted 
to form a multi-level calibration curve using a Hamilton Diluter.   
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4Chapter 4:  Formation of desilication 
products under various Bayer digestion 
conditions 
4.1 INTRODUCTION 
Desilication products present in red mud makes up a large portion of alkali 
compounds found in red mud. The main DSP species found in red mud are sodalite 
and cancrinite. The composition of DSP is highly dependent on the primary bauxite 
ore composition and the Bayer conditions used in the digestion stage. Hence, 
significant variations in the quantity, crystallinity and morphology of these products 
exists between refineries or batches, which makes it difficult to identify and estimate 
the quantity of DSP species present in the bulk red mud. These DSP will be removed 
with red mud after the digestion and make up a large portion of alkali compounds 
found in red mud.  
 
Knowing the type of desilication products formed under various digestion conditions, 
such as morphological changes and crystallinity of these products, will enable a 
better prediction of the behaviour of these compounds in bauxite residues. An 
inability to predict the behaviour of these compounds limits the development of 
beneficial reuse and environmental management of storage facilities. A main concern 
of not being able to predict the actual species, is an inability to predict the 
mechanism and kinetics of leachates, which is a particular concern for land 
rehabilitation as they tend to have long term effects on pH reversion. 
 
Studies have revealed that differentiating and quantifying the mixture of DSP phases 
using standard characterisation techniques, such as XRD, has been hindered by 
several reasons [10]. The main reasons are due to the similarities of the two 
structures and lack of reliable 100% pure phase of sodalite and cancrinite reference 
samples specific to Bayer conditions [130].  Therefore, this chapter mainly focuses 
on understanding the formation behaviour of sodalite and cancrinite under varying 
digestion conditions:    
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(1) Effect of time, temperature, addition of lime and A/C ratio on the distribution 
of DSP phases 
(2) Identifying and developing the methodology to synthesis pure sodalite and 
cancrinite without co-precipitation  
(3) Behaviour of amorphous phase  
 
Even though a number of authors have studied the identification of desilication 
products using different characterisation techniques, the effect different Bayer 
conditions have on the formation of desilication products and how they affect the 
XRD and IR spectra has not been fully understood [45, 46, 105, 130, 139]. The 
composition of sodalite and cancrinite synthesised will be analsyed by X-ray 
diffraction (XRD), infrared spectroscopy (FTIR) and scanning electron microscope 
(SEM) with energy dispersive spectroscopy (EDS). The main purpose of using these 
characterisation techniques were as follows: 
 
XRD:  
 Identifying the type of DSP formed under varying conditions 
 Characteristic XRD peak changes 
FTIR: 
 Identifying the effect of different conditions has on signature bands  
SEM: 
 Studying the morphology of pure phase of DSP 
 Identifying changes in morphology and size with synthesis conditions  
 Chemical composition of crystals  
  
In this chapter, changes in the formation of DSP were discussed based on changes 
observed using data from multiple characterisation techniques.    
 
4.2 INFLUENCE OF BAYER CONDITIONS ON DSP COMPOSITION 
 Impact of temperature and carbonate 
Formation of DSP during the digestion step of the Bayer process heavily depends on 
the digestion temperature and retention time [55]. Digestion times are usually 
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determined by the kinetics of residual DSP formed [17]. The influence of carbonate 
on the formation of DSP under the different temperatures has been conducted using: 
1) 100 mL of synthetic Bayer liquor with the addition of carbonate, and 2) separate 
experiments without the carbonate, both with 1g of kaolinite reacted for 1h.  
 
Quantitative XRD data reveals that the presence of carbonate in the reaction 
increases the reactivity of kaolinite and the formation of DSP (Table 4.1). Several 
authors have found that the presence of carbonate ions plays an important role in the 
formation process as well as in the dissolution of kaolinite [58, 133, 140]. At 80˚C, 
undissolved kaolinite was found in both samples (with and without carbonate ions). 
The presence of kaolinite was evident in the XRD patterns shown in Figure 4.1a and 
b. Kaolinite in the sample is identified by the characteristic XRD peaks at 2θ = 14.4 
and 28.96 [141]. A greater amount of undissolved kaolinite was found in the sample 
synthesised without additional carbonate. Increasing the temperature to 100˚C, and in 
the presence of carbonate, showed all the kaolinite had been dissolved (Figure 4.1), 
while unreacted kaolinite was still present in the samples synthesised without 
carbonate up to 160˚C. Temperatures above 200˚C showed no evidence of 
undissolved kaolinite for both cases.  
 
The dissolution of kaolinite can be assumed to depend on the presence of carbonate 
and dissolves completely at temperatures above 200˚C [133]. It was observed that 
increasing the temperature in the presence of carbonate increases the formation of 
sodalite (16.02 to 19.58%) until a temperature of 200˚C was reached (Figure 4.1). 
The appearance and increase of characteristic cancrinite XRD peaks (position 211 
and 101) indicates that at temperatures higher than 200˚C the formation of cancrinite 
(25.99%) increases. In the absence of carbonate, increasing the temperature does not 
have a significant impact on the formation of sodalite or cancrinite (Table 4.1). A 
high amorphous content was found for both solution chemistries across the full range 
of temperatures tested; due to longer reaction times being required for the formation 
of desilication products.   
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(a)                                                                        (b) 
Figure 4.1: XRD patterns of desilication products synthesised a) in the presence of carbonate and b) in the absence of carbonate with different 
temperatures for 1 h 
C101 C211 
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Table 4.1: Phase composition of desilication products formed with different temperatures with and without additional carbonate in Bayer liquor 
Mineralogical phase (%) Temperature (°C) 
80°C 100°C 160°C 200°C 220°C 
CO32- No CO32- CO32- No CO32- CO32- No CO32- CO32- No CO32- CO32- No CO32- 
Sodalite 16.02 - 19.75 5.29 16.55 4.76 19.58 5.32 12.28 5.68 
Cancrinite 4.63 - 6.82 9.27 6.30 8.11 7.29 8.88 25.99 11.5 
Quartz 3.65 6.10 2.05 3.73 2.20  2.49 2.36 1.20 - 1.9 
Kaolinite 15.47 63.01 - 2.96 - 1.85 - - - - 
Amorphous 60.23 30.9 71.38 78.75 74.95 82.79 70.77 84.6 61.73 80.92 
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SEM analysis showed evidence of undissolved kaolinite in the sample synthesised at 
80˚C for 1 h with additional carbonate (Figure 4.2) as having plate morphology [19], 
while the spherical aggregates were assigned to sodalite [19]. It’s evident from the 
SEM images that the formation of desilication products initiates on the surface of 
kaolinite, also previously observed [104]. As the temperature increases, undissolved 
kaolinite was no longer visible in the SEM images; instead there was an increase in 
the quantity of cubic-like aggregates associated with sodalite.  
 
In the absence of carbonate at 80˚C, the XRD pattern showed that the sample mostly 
contained undissolved kaolinite (Figure 4.1). The corresponding SEM image (Figure 
4.2c) shows a mixture of plates and stacks where assigned to undissolved kaolinite. 
Increasing the temperature to 200˚C showed a significant increase in cubic-like 
aggregates indicating the formation of sodalite and possibly the start of cancrinite.  
 
    
     
Figure 4.2: SEM images of desilication products synthesised in the presence of 
carbonate for temperature a) 80˚C and b) 200˚C and in the absence of carbonate for 
temperatures of c) 80˚C and d) 200˚C 
KAO 
SOD 
a) b) 
c) d) 
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 Impact of reaction time 
4.2.2.1 Low digestion temperatures (100˚C) 
Impact of reaction time at low temperature (100˚C) on the phase composition and the 
influence of carbonate ions has been examined by using 100 mL of synthetic Bayer 
liquor and 1 g of kaolinite. According to the quantitative XRD data, it was found that 
the increase of reaction time reduced the amount of kaolinite (Table 4.2), which was 
also evident from the disappearance of characteristic kaolinite peaks (2θ = 14.4 and 
28.96 [141]) in the XRD pattern (Figure 4.3). As expected, increasing the reaction 
time increased the formation of cancrinite (9.60 to 12.37% in the presence of 
carbonate and 7.78 to 12.40% in the absence of carbonate) and reduced the formation 
of sodalite (from 21.90 to 7.18% in the presence of carbonate and from 7.41 to 
5.99% in the absence of carbonate). At higher reaction times, in the presence of 
carbonate, no effect on the quantity of cancrinite or sodalite was observed (at 24 h 
CO3
2- - cancrinite 12.37% and CO3
2- free cancrinite 12.40%).  
 
At low temperature synthesis, with the presence of carbonate and a reaction time of 1 
h, typical spherical aggregates associated with sodalite are observed (Figure 4.4a). 
As the reaction time increases, the crystals increase in size slightly and increased 
aggregation occurs (Figure 4.4b). There were significant changes in morphology 
observed when the reaction solution did not contain additional carbonate (Figure 
4.4.c). In the absence of carbonate, a more of a “cotton ball” type morphology was 
observed. Similar “cotton ball” morphology of sodalite have been previously 
reported in literature [83, 104, 142].  
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(a)                                                                               (b) 
Figure 4.3: XRD patterns of desilication products synthesised a) in the presence of carbonate and b) in the absence of carbonate with different 
reaction times at the temperature of 100˚C 
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Table 4.2: Phase composition and lattice parameter of cancrinite with different reaction times at 100°C with and without additional carbonate in 
Bayer liquor. 
Reaction time 
(hours) 
Cancrinite (%) Sodalite (%) Kaolinite (%) Quartz (%) Amorphous (%) 
CO32- No CO32- CO32- No CO32- CO3
2- No CO32- CO32- No CO32- CO32- No CO32- 
1 9.60 7.78 20.30 7.41 - 2.69 3.90 3.73 66.2 78.39 
2 9.32 8.40 20.57 7.18 - 1.99 3.53 3.79 66.58 78.64 
4 8.70 9.27 21.90 5.29 - 1.49 2.90 3.68 66.5 80.27 
6 8.1 9.77 20.8 6.01 - - 3.00 3.55 68.1 80.67 
12 16.1 10.16 7.9 7.66 - - 2.47 2.64 73.53 79.54 
24 12.37 12.40 7.18 5.99 - - 2.90 2.16 77.19 79.45 
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Figure 4.4: SEM images of DSP formed at 1 h (a), 24 h (b) with carbonate and for 1 
h in the absence of carbonate (c) at 100°C 
 
a) 
c) 
b) 
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4.2.2.2 High digestion temperatures (220˚C) 
A mixture comprising of 100 mL of synthetic Bayer liquor and 1 g of kaolinite was 
heated at 220˚C for between 1 and 48 h in order to elucidate the importance of 
reaction time upon the formation of desilication products typical in the Bayer 
process. Figure 4.5 shows X-ray powder diffraction (XRD) patterns of the products, 
which indicated that after only 2 h, reflections indicative of cancrinite and sodalite 
were present.  Specifically, the major diffraction lines (211 and 101) for cancrinite 
were occurring at 2θ=22.04 and 32.02˚ [19] and were found to increase as the 
amount of cancrinite concentration increased with reaction time [130]. The 
diffraction lines 110 and 300 reflections of cancrinite overlap with sodalite 
diffraction lines 211 and 110, thus could not unequivocally be employed to justify 
the existence of cancrinite [46, 130]. Due to these similarities of sodalite and 
cancrinite XRD patterns, identifying and quantifying desilication products in bauxite 
residues is particularly difficult. The absence of diffraction lines at 12.34 and 
24.64˚2θ [19] indicated that kaolinite reacted completely with Na2CO3 and NaOH at 
temperatures above 200˚C to form DSP [133].    
 
Quantitative analysis revealed that cancrinite was the main phase present in all the 
samples synthesised using different reaction times (Table 4.3). The sample 
synthesised for 48 h had the greatest amount of cancrinite (90.9%), the smallest 
quantity of amorphous phase (9.1%), and no co-crystallisation of sodalite. As the 
reaction time decreased to 1 h, the amount of cancrinite in the sample decreased from 
90.9 to 25.99% with a concomitant increase in the amorphous phase (from 9.1 to 
61.73%) and sodalite content (from not detectable to 12.28%). Results indicate that 
as time increases the concentration of cancrinite formation also increases, which 
agrees with previous studies [130]. Calculated cell parameters for cancrinite 
synthesised for 24 h were a= 12.712Å and c= 5.18Å, which were in agreement with 
previous reported values of a= 12.713Å and c= 5.186Å [133]. Cell parameters 
calculated for samples showed an increase in values as the reaction time increases, 
which indicates the cancrinite crystal size increases with reaction time [137]. 
Therefore, there is an increasing cancrinite unit cell size, bond lengths and angle in 
the crystal structure as the reaction time increases. It was also noticed that the a cell  
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Figure 4.5: XRD patterns of desilication products synthesised for different lengths 
of time at a temperature of 220˚C 
 
Table 4.3: Phase composition and lattice parameter of cancrinite with different 
reaction times at 220°C 
Reaction time 
(hours) 
Cancrinite 
(%) 
Sodalite 
(%) 
Amorphous 
(%) 
Cancrinite cell parameter 
a / Ǻ c / Ǻ 
1 25.99 12.28 61.73 12.689 5.17 
2 61.7 3.75 34.55 12.699 5.174 
4 66.1 3.32 30.58 12.70 5.18 
6 72.3 2.07 25.63 12.71 5.18 
24 86.5 1.99 11.51 12.712 5.18 
48 90.9 - 9.1 12.697 5.172 
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parameter reduced at 48 h reaction time, which indicates that increasing the time 
increases the cancrinite concentration but does not directly affect the cell parameters.   
 
SEM studies on the DSP formed at various reaction times were carried out to 
determine the morphological changes that occurred and whether cancrinite and 
sodalite could be identified (Figure 4.6). Previous studies on DSP have reported the 
morphology of cancrinite as hexagonal rod shaped crystals [46, 101], while sodalite 
appears as spherical aggregates [19] or with cubic morphology [101]. Figure 4.6 
clearly shows the morphological changes that are occurring with reaction time; 
whereby the crystals are becoming more crystalline with time, as well as a higher 
percentage of hexagonal rod-like cancrinite crystals. These observations agree with 
the XRD quantitative data (Table 4.3) which shows an increasing cancrinite 
percentage as the reaction time increases.  
 
Quantitative XRD study reveals that with the less reaction time (1 h) more 
amorphous phase (more than 60%) forms and less percentage of cancrinite and 
sodalite. Figure 4.6a convinced the finding where it gives imperfect crystallites, 
which is hindering the identification of the morphology of crystals in this DSP 
sample. With the increase of time it can be seen that the crystals starts to grow into 
hexagonal rod shape crystals. Increase of cancrinite (61.7%) observed as the increase 
of time to 2 h where it gives smaller (0.5- 1μm) rod shape crystals can be identify as 
cancrinite. Further increase of reaction time (48 h) formed highly symmetrical large 
hexagonal rod shaped crystal structures (1.5 μm) indicative of well crystalline 
cancrinite structures (Figure 4.6a and b). SEM images (Figure 4.6) illustrates the 
transformations of amorphous phase to sodalite and then to cancrinite, as well as the 
growth of cancrinite crystal size with time. 
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Figure 4.6: SEM images of DSP formed at 1 h (a), 2 h (b) and 48 h (c and d) at 
220°C 
 
 Effect of lime 
Addition of lime during the pre-desilication of Bayer process is an important 
procedure in order to reduce the soda loss by favouring the formation of Ca-
cancrinite and hydrogarnet [26, 143]; sodalite captures higher amounts of soda in its 
structure. The importance of lime added during the Bayer process on the DSP 
composition has been studied by a mixture comprising of 100 mL of synthetic Bayer 
liquor and 1 g of kaolinite with varying amounts of lime (ranging from no lime to 1 g 
of lime) heated at 220˚C for 1 h. XRD patterns indicate that increasing the amount of 
lime in the reaction mixture increases the formation of katoite (impurity phase), 
instead of the formation of cancrinite (Figure 4.7). Formation of Tri calcium 
aluminate (TCA) was not observed in these experiments as TCA is unstable at higher 
temperatures (>200˚C) [26, 49, 63, 64].  Katoite (hydrogarnet mineral family) is a Ca 
containing cubic structure with chemical formula Ca3Al2(SiO4)1.5(OH)6 with an a cell 
CAN 
a) 
c) d) 
b) 
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parameter 12.358 Å [144, 145]. The formation of katoite under Bayer conditions has 
been observed by several authors [17, 26, 49]. A recent study on the 
mechanochemical activation of bauxite also shows that in the presence of Ca, 
hydrogarnet phases form, with katoite as the dominant phase [146]. Formation of Ca-
cancrinite and katoite are significant in reducing soda losses in the Bayer process, 
however due to the presence of a higher amount of aluminium in the katoite structure 
(associated with aluminium losses) makes the formation of cancrinite in the Bayer 
process the more desirable DSP [17, 26, 52, 63].   
 
Identification of cancrinite diffraction lines in the XRD patterns become more 
complex due to the formation of katoite. Cancrinite characteristic diffraction lines 
211 and 101 increased up to 0.5 g of lime and decreased with further increases of 
lime (1.0 g), indicating that the concentration of cancrinite is decreasing. An increase 
in characteristic XRD lines for katoite, 211 (2θ= 20.13), 220 (2θ =23.29), 400 (2θ 
33.42) and 521 (2θ =46.05), were observed as the amount of lime increased.   
 
In order to achieve the more desirable cancrinite DSP phase and reduce costs 
associated with liming, the quantity of lime added in the Bayer process needs to be 
controlled carefully to ensure a minimum amount of sodalite and katoite forms.  
According to the quantitative analysis the addition of 0.1 g of lime encourages the 
formation of cancrinite [17, 49] (Table 4.4). However, further increases of lime 
increases the formation of katoite, from not detectable (no lime) to 48.69% (1.0 g 
lime), which agrees with XRD observations. The transformation of sodalite to 
cancrinite or katoite is completed when of 1.0 g lime added, shown by the absence of 
sodalite. These changes in phase composition are clearly observed in the 
corresponding XRD patterns (Figure 4.7). 
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Figure 4.7: XRD patterns of cancrinite synthesised with different amounts of lime at 
220˚C (C211- cancrinite 211 diffraction line, K211- katoite 211 diffraction line) 
 
Table 4.4: Phase composition and lattice parameter of cancrinite with different mass 
of lime 
Mass of 
lime 
added/g 
% 
Cancrinite 
% 
Sodalite 
%  
Katoite 
% 
Amorphous 
Cancrinite cell 
parameter 
a/ Ǻ c/ Ǻ 
0.0 25.99 12.28 - 61.73 12.689 5.17 
0.1 40.42 4.42 6.04 49.11 12.663 5.15 
0.3 40.30 2.74 27.16 29.78 12.636 5.13 
0.5 33.04 3.04 32.92 32.92 12.637 5.13 
1.0 26.82 - 48.69 24.49 12.635 5.12 
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In the presence of lime, katoite becomes a major crystalline mineralogical 
component. Even though studies reported the formation of katoite in the Bayer 
process, the morphology of katoite formed under these conditions has not been 
reported to date.  The morphology of natural katoite minerals have been studied and 
are described as octahedral crystals [144]. 
 
 
 
 
Figure 4.8: SEM images of DSP formed using variable masses of lime; a) no lime, 
b) 0.5 g lime, and c) 1.0 g of lime 
KAT 
KAT 
CAN 
a) 
b) 
c) 
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In the absence of lime (Figure 4.8a), it can be seen that there is a mixture of 
relatively smaller rod shape crystals (0.6 μm) and smaller cubic crystals with more 
imperfect crystals. This observation was in good agreement with the XRD data 
which determined there was 25.99% cancrinite and 12.28% sodalite with more 
amorphous phase (61.73%). An increase of lime to 0.5 g (Figure 4.8b) favoured the 
formation of a new crystal, spherical/cubic crystals 1x1 μm (diameter and length) in 
size with relatively smaller rod shaped cancrinite crystals (33.04%). Further 
increases of lime to 1.0 g (Figure 4.8c) showed similar larger cubic crystals as those 
obtained in Figure 4.8b, but cannot be related or used to identify the morphology of 
cancrinite. Based on the XRD and EDS results, the cubic crystals formed with 
increasing lime were proposed to be katoite. It was noticed that the increase of lime 
from 0.5 to 1.0g increased the formation of katoite (32.92 to 48.69%) but does not 
considerably change the katoite crystals size.   
 
 Effect of A/C ratio 
A mixture comprising of 100 mL of synthetic Bayer liquor with different NaAl(OH)4 
amounts have been used to vary the A/C ratio by 0.1 to 0.6 in order to elucidate the 
importance of A/C ratio on the formation of desilication products. These experiments 
all used 1 g of kaolinite and were heated at 220˚C for 1 h.  XRD patterns provide a 
clear indication that sodalite is the main phase present for low A/C liquor samples 
(Figure 4.9), shown by the intensity of two primary sodalite diffraction lines 211 and 
110.  As the A/C ratio increases, the 211, 101 and 400 diffraction line intensities 
increase corresponding with an increase in the formation of cancrinite.   
 
Increasing the A/C ratio favours the formation of cancrinite, evidenced by an 
increase of 13.99 to 29.7% for A/C= 0.1 and 0.6, respectively (Table 4.5). This 
increase in cancrinite in turn reduced the formation of sodalite from 19.7 to 9.9% 
(Table 4.5).  Increasing the A/C ratio does not have a significant effect on the 
amorphous content, which remained between 60 and 66%, similar to results obtained 
for no lime (61.73%, Table 4.4). Cell parameters calculated for cancrinite showed 
slight increases in the a cell parameter with increasing A/C ratio, however no change 
in the c cell parameters were observed.   
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Figure 4.9: XRD patterns of cancrinite synthesised with different A/C ratio at a 
temperature 220˚C 
 
Table 4.5: Phase composition and lattice parameter of cancrinite with different A/C 
ratios 
A/C ratio %  
Cancrinite 
% 
Sodalite 
% 
Amorphous 
Cancrinite cell parameter 
a/ Ǻ c/ Ǻ 
0.1 13.99 19.75 66.26 12.670 5.17 
0.3 22.49 14.46 63.05 12.682 5.17 
0.4 26.915 13.740 59.345 12.682 5.17 
0.6 29.67 9.87 60.46 12.690 5.17 
 
An A/C ratio of 0.1 (Figure 4.10), showed a significant amount of small spherical 
aggregates (0.25 μm) which supports XRD findings that a significant portion of the 
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products formed were sodalite (19.75%). SEM was unable to identify the cancrinite 
crystals mainly due to the smaller amount of cancrinite (13.99%) formed with lower 
A/C ratio. Increasing the A/C ratio to 0.3 (Figure 4.10b), showed perfect hexagonal 
crystals being the dominate morphology for crystals in the sample, corresponding 
with 22.49% of cancrinite in the product and a reduction in sodalite (Table 4.5).   
 
   
Figure 4.10: SEM images of DSP formed using variable AC ratios; a) 0.1 and b) 0.3 
 
FTIR data analysis and the discussion for 4.2.2, 4.2.3 and 4.2.4 sections present in 
chapter 6. 
 
4.3 CONCLUSION 
XRD, FTIR and SEM-EDS have been used as characterisation techniques to 
understand the behaviour and formation of DSP under various Bayer conditions. 
Sodalite and cancrinite were found to be the dominant two phases present under any 
conditions except the high temperature digestion conditions with lime. Qualitative 
XRD analysis can be used successfully to identify the DSP phases but in a mixture it 
was not possible to distinguish between sodalite and cancrinite as characterisation 
peaks overlap with each other. Using a high digestion temperature (220˚C) for longer 
time (48 h) enabled the synthesis of pure cancrinite (90%) and a minimal amorphous 
phase (10%).  
 
The presence of carbonate in the Bayer liquor was found to be a vital factor for both 
the dissolution of kaolinite and for the formation of DSP. Complete dissolution of 
kaolinite was observed at 100˚C in the presence of carbonate, while temperatures 
SOD 
CAN 
a) b) 
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greater than 160˚C were required for the complete dissolution of kaolinite in the 
absence of carbonate. Formation of DSP increased with an increase in temperature. 
Increasing the reaction time increases the formation of cancrinite, attributed the 
transformation of sodalite to cancrinite. A reaction time of at least 24 h was required 
to completely transform sodalite to cancrinite at 220°C. The addition of lime to the 
Bayer liquor resulted in the formation katoite, which became the dominant phase 
(48%) as the amount of lime added increased. Increasing the A/C ratio has a slight 
effect on the formation of cancrinite and sodalite and does not affect the amount of 
amorphous phase present.  
 
The results obtain in this chapter will be use to study and compare the differences of 
silicate source on the formation of DSP in Chapter 5. The XRD and IR data of the 
purest DSP phases in this chapter will be used to identify signature bands in Chapter 
6.  
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5Chapter 5:  Formation of DSP from 
different silicate sources 
5.1 INTRODUCTION 
The main silicate compounds found in bauxite ore are kaolinite and quartz; vast 
variations of the portion of silicate compounds in bauxite ores exist. Bauxite ore that 
contains 5-20% silica is considered as low grade bauxite or uneconomic bauxite [17, 61]. 
Quartz has been reported to be the most abundant silica form in bauxite ore and can 
contribute up to 10% of the total mass of the ore [27, 33, 62]. Studies have found that 
quartz and kaolinite behave differently under Bayer conditions [27, 62]; quartz only 
reacts at temperatures above 200˚C, while kaolinite starts reacting at temperatures below 
100˚C.  
 
Bauxite ores that contain more gibbsite usually required lower digestion temperatures 
(quartz can essentially act as an inert material during digestion), however, bauxite with 
high boehmite or diaspore requires higher digestion temperatures (greater than 200˚C) 
and those quartz will react to form DSP. Identification and quantification of desilication 
products formed from different silicate compounds under different Bayer conditions 
would allow process parameters to be modified to compensate for bauxite ore variations 
in refineries. There is less information on the effect of different silicate compounds on 
the formation of DSP under various Bayer conditions. Therefore, in this chapter will 
focus on: 
(1) Studying the differences on formation of DSP with different silica sources at 
high temperatures 
(2) Behaviour of silica source with the addition of lime and different A/C ratios 
(3) Identifying the structural and morphological changes affected due to the different 
silica on DSPs using standard XRD, FTIR and SEM  
 
This chapter provides a better understanding on the behaviour of different silicate 
compounds during Bayer digestion conditions. Quantitative phase analysis of 
desilication products formed from different silicate sources under different Bayer 
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conditions (reaction time and lime dosing) have been studied.  X-ray diffraction (XRD), 
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) has been used to 
observe the changes in DSP mineralogy and structural changes with different Bayer 
conditions and a set digestion temperature of 220˚C.  
 
5.2 QUANTITATIVE ANALYSIS OF DSP FORMED 
 Impact of time 
Transformation of silicate compounds to desilication products at different reaction 
times were examined by using a mixture of 100 mL of synthetic Bayer liquor and 1 g 
of silicate compound (kaolinite and quartz separately) heated at 220˚C for 1 to 48 h. 
 
Quantitative XRD analysis confirms the increased reactivity of kaolinite over quartz, 
based on larger amounts of both cancrinite and sodalite forming for all reaction times 
(Table 5.1). After 1h, all of the kaolinite was used up in the formation of DSP, while 
a slight amount of quartz still remained in the samples (<2%) until a reaction time of 
6 h was used; further agreeing with numerous authors that quartz is less reactive than 
kaolinite [27, 33, 43, 48, 62]. A greater portion of DSP had also transformed to 
cancrinite after 48 h (90.9 compared to 77.1%) when the silica source was kaolinite. 
All the initial sodalite that formed from kaolinite transformed to cancrinite after 48 h. 
 
The corresponding X-ray diffraction patterns of desilicated products formed under 
different reaction time with different silicate compounds can be found in Figure 5.1. 
The trends observed in the XRD pattern support trends discussed for quantitative 
XRD; 1) increase in cancrinite for both quartz and kaolinite, with the appearance of 
characteristic 101 and 211 peaks appearing earlier for kaolinite, and 2) quartz is still 
visible in Figure 5.1a (2θ=31.07˚), while kaolinite is no longer observed after 1 h 
(2θ= 12.34˚ and 24.64˚).  
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Table 5.1: Phase composition of DSP formed under different reaction time 
Reaction time/ h 
Quartz Kaolinite 
% cancrinite % sodalite % quartz 
% 
amorphous 
% cancrinite % sodalite % kaolinite 
% 
amorphous 
1 14.53 6.33 1.84 77.3 25.99 12.28 - 61.73 
2 22.71 6.54 1.30 69.45 61.70 3.75 - 34.55 
4 43.61 4.17 1.58 50.64 72.30 2.07 - 30.58 
6 47.25 3.06 - 49.69 72.34 2.07 - 25.63 
24 76.10 2.33 - 21.57 86.50 1.99 - 11.51 
48 77.16 1.70 - 21.14 90.90 - - 9.1 
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(a)                                                                        (b) 
Figure 5.1: XRD patterns of DSP synthesised by (a) using quartz and (b) using kaolinite for different lengths of time at a temperature of 220˚C 
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FTIR spectra of the DSP formed for 1 and 48 h is provided in Figure 5.2. There are 
clear differences in the intensity profiles of kaolinite and quartz derived DSP. The 
sharpness and intensity of the kaolinite band profile at 48 h reflects the large amount 
of cancrinite that has formed (90.9% - Table 5.1), while the broadness of the quartz 
spectral profile reflects the mixed sodalite/cancrinite matrix of the sample (refer to 
Table 5.1). The sharp intense peak at 951 cm-1 (Figure 5.2a) for kaolinite was 
assigned (based on quantitative XRD results) to cancrinite Al-O-Si vibrational 
modes, while the shoulder at 986 cm-1 may be amorphous sodalite (9.1% 
unaccounted for in quantitative XRD – Table 5.1) [19, 101, 120, 130]. This 
assignment was based on the broadness of the kaolinite band profile for 1 h which 
contains 12.28% sodalite (Table 5.1). Significant changes in the band profile 
between 800 and 400 cm-1 was observed for both kaolinite and quartz (Figure 5.2).  
 
 
 
 
 
                         (a)                                                                 (b) 
Figure 5.2: FTIR patterns of DSP synthesised by for (a) 48 h and (b) 1 h at 220˚C 
 
SEM images illustrate that no specific morphology (either as sodalite or cancrinite) 
can be identified after a 1 h reaction time for quartz (Figure 5.3a), due to slower 
reaction time for crystalline desilication products to form. While Figure 5.3c, shows 
a mixture of spheric aggregates of sodalite and hexagonal rod type crystals of 
cancrinite have formed after 1 h for kaolinite due to its increased reactivity. 
Increased crystallinity was observed for quartz after 48 h, shown by distinctive 
hexaganoal rod shaped crystals of approximately 1 µm in diameter (Figure 5.3b). 
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The sample synthesised for 48 h with kaolinite shows perfect hexagonal rod shape 
cancrinite crystals (Figure 5.3d).  
 
   
   
Figure 5.3: SEM images of samples synthesised with different reaction time, a) 1 h, 
and b) 48 h using quartz, c) 1 h and d) 48 h using kaolinite 
 
 ffect of lime 
Quantitative XRD revealed that the addition of lime generates an additional phase, 
katoite, which belongs to the hydrogarnet family (Table 5.3). This phase was also 
observed in Chapter 4 when lime was used. The addition of 0.1 g lime significantly 
increased the formation of cancrinite; increase of 5.30 and 14.43% for quartz and 
kaolinite, respectively. Similar results have been observed [26, 49, 63, 143]. Higher 
lime additions caused katoite to become the most favourable DSP that forms. The 
addition of lime appears to favour the dissolution of quartz; no lime had 1.84% 
unreacted quartz, while an addition of 0.5 g/L resulted in the complete dissolution of 
quartz under the same reaction conditions (Table 5.2). This increase in quartz 
solubility with lime has been previously reported by Croker et.al [27].  The formation 
(a) (b) 
(c) (d) 
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of sodalite decreased with an increased amount of lime in the reaction. Similar 
relationships were also visible in the corresponding XRD patterns (Figure 5.4). 
 
FTIR analysis showed significant changes occurring in the Al-O-Si asymmetric 
region with increasing lime amounts (Figure 5.5). In the absence of lime, an intense 
peak at around 966 cm-1 was observed for DSP synthesised with kaolinite, while a 
much less intense peak at around 952 cm-1 (shifted to lower wavenumbers) was 
observed for quartz (Figure 5.5 and Figure 5.5a). Peaks observed at around 1119, 
1035 and 991 cm-1 were due to the formation of DSP [19, 26, 130, 147]. These peaks 
shifted for quartz and were observed at 1090, 1035 and 996 cm-1. Increasing the 
amount of lime caused an intensity increase for peaks at around 935 cm-1 (for 
kaolinite) and 932 cm-1 (for quartz). These intensity increases were due to the 
increase of katoite in the sample. An increase in lime also increases the intensity of 
the 963 and 935 cm-1 peaks in the kaolinite series. Quartz peaks showed an increased 
intensity for the 932 cm-1 peak and a decrease in intensity for the 963 cm-1 peak 
(Figure 5.5c).  
 
The SEM of DSP formed from kaolinite, shows the presence of both cancrinite 
(hexagonal rods) and katoite (larger cubic) co-existing (Figure 5.6a and b) and can be 
easily distinguished by their morphologies. However, the identification of DSP 
phases for quartz were difficult to recognise. Since the percentage of cancrinite was 
higher than katoite (Table 5.3), it was assumed that the smaller crystals appears in 
the Figure 5.6c, are imperfect cancrinite rods with the larger cubic shaped katoite 
crystals. According to the quantitative XRD, further increase of lime increases the 
formation of katoite in the presence of quartz, however the perfect cubic morphology 
was not observed (Figure 5.6d).  
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Table 5.2: Phase composition of DSP formed with different amounts of lime 
Amount of lime added/ g 
Quartz Kaolinite 
% 
Cancrinite 
% 
Sodalite 
% 
Katoite 
% 
Quartz 
% 
Amorphous 
% 
Cancrinite 
% 
Sodalite 
% 
Katoite 
% 
Kaolinite 
% 
Amorphous 
0.0 14.53 6.33 1.84 77.3 77.27 25.99 12.28 - - 61.73 
0.1 29.82 6.22 2.40 1.74 59.82 40.42 4.42 6.04 - 49.11 
0.5 33.81 4.29 12.20 - 49.7 33.04 3.04 32.92 - 32.92 
1.0 23.2 3.13 23.60 - 50.07 26.82 - 48.69 - 24.49 
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(a)                                                                          (b) 
Figure 5.4: XRD patterns of DSP synthesised by using (a) quartz and (b) kaolinite with different amounts of lime at a temperature 220˚C (C211- 
cancrinite 211 diffraction line, K211- katoite 211 diffraction line) 
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           (a)                                                        (b)                                                (c) 
Figure 5.5: FTIR patterns of DSP synthesised with different amounts of lime at a 
temperature 220˚C 
 
     
         
Figure 5.6: SEM images of different morphology of samples synthesised with 
different amount of lime, a) 0.5 g lime, and b) 1.0 g lime using kaolinite,  c) 0.5 g 
lime and  d) 1.0 g lime using quartz 
(a) (b) 
(c)  (d) 
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 A/C ratio 
Formation of DSP under various A/C ratios were examined by using a mixture of 100 
mL synthetic Bayer liquor containing different amounts of NaAl(OH)4 and 1 g of silicate 
compound (kaolinite and quartz separately). All experiments were reacted at 220˚C for 1 
h. The quantitative analysis for samples synthesised with different A/C ratios are 
provided in Table 5.5. A relatively higher amount of quartz (3.10%) remains in the 
sample when the A/C ratio was 0.1, due to a lack of aluminium ions available to form 
DSP species. A lower A/C ratio means that there is insufficient NaAl(OH)4 to complete 
the formation; since quartz does not have aluminium in its structure, all aluminium for 
the formation of DSP was dependent on the availability of aluminium in the Bayer 
liquor. 
  
An increase in the A/C ratio reduces the amount of unreacted quartz, however there was 
still quartz in the sample for A/C= 0.6 (1.84%). The disappearance of characteristic 
peaks of quartz (2θ= 31.01°) as the A/C ratio increases can also be observed in the XRD 
pattern (Figure 5.7). Kaolinite samples on the other hand, observed full dissolution 
irrespective of the A/C ratio. The formation of DSP increases slightly with increasing 
A/C ratio up to 0.3, for both quartz and kaolinite, however a further increase in A/C ratio 
does not increase the formation of DSP any further (Table 5.5). At A/C= 0.1 sodalite 
forms as the dominant phase for both silicate sources, compared to previous reaction 
conditions whereby cancrinite was the dominant phase. This can be seen in the XRD 
patterns provided in Figure 5.8.  
 
The FTIR spectrum of DSP formed with kaolinite and quartz with different A/C 
ratios are provided in Figure 5.8. The main difference that was observed (Al-O-Si 
vibration region at around 970 cm-1, was the increased peak intensity for kaolinite 
and band broadning for quartz. The broadening of the quartz band was believed to be 
due to the increased diversity of DSP phases and lower crystalinity of these 
structures.  
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   (a)         (b)        (c)  
Figure 5.7: FTIR patterns of DSP synthesised with different A/C ratio at a 
temperature 220˚C 
 
 
SEM images of the different A/C ratio gives interesting morphological changes 
Figure 5.9. Quartz with an A/C ratio 0.1 Figure 5.9a) observed crystalline hexagonal 
shaped cancrinite crystals with smaller cubic sodalite crystals, while smaller crystals 
of undefined morphology formed for kaolinite (Figure 5.9b). Crystals formed with 
quartz gave crystals with a diameter of 4 μm, while crystals formed with kaolinite 
were approximately 0.2 μm (Figure 5.9a and b).Increasing the A/C ratio gives less 
crystalline (FTIR confirms with the broadening of peaks Figure 5.7) larger crystals 
(Figure 5.9c). The surface of these structures has hexagonal cancrinite morphology, 
but does not form rod shape crystals like those synthesised with kaolinite (Figure 
5.9e). The agglomeration of small hexagonal shape surfaces on much larger 
structures were observed on quart (Figure 5.9d), but not on samples synthesised with 
kaolinite.  
70 
 
70 
Vishakya Jayalatharachchi 2016 
 
 
 
Table 5.3: Phase composition of DSP formed with different A/C ratio 
A/C ratio Quartz Kaolinite 
% 
Cancrinite 
% 
Sodalite 
% 
Quartz 
% 
Amorphous 
% 
Cancrinite 
% 
Sodalite 
% 
Kaolinite 
% 
Amorphous 
0.1 9.23 13.10 3.10 74.57 13.99 19.75 - 66.26 
0.3 22.6 6.33 1.70 69.37 22.49 14.46 - 63.05 
0.4 20.53 6.69 1.38 71.4 26.91 13.74 - 59.35 
0.6 14.53 6.33 1.84 77.3 29.67 9.87 - 60.46 
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(a)                                                     (b) 
Figure 5.8: XRD patterns of DSP synthesised by using (a) quartz and (b) kaolinite with different A/C ratio’s at a temperature 220˚C 
101 101 211 
211 
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Figure 5.9: SEM images of different morphology of samples synthesised with 
different A/C ratio, A/C=0.1 a) quartz and b) kaolinite and A/C=0.3 c) and d) quartz 
and e) kaolinite 
 
 
5.3 CONCLUSION 
At 220˚C, the dissolution of kaolinite was complete after 1 h, while it took at least 4 
h for the complete dissolution of quartz under the same conditions. With the addition 
(a) (b) 
(c) (d) 
(e) 
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of lime, the dissolution of both silicate compounds increased, in particular, quartz. 
The complete dissolution of quartz in 1 h at 220˚C required 0.5 g of lime. The use of 
lime resulted in the formation of katoite, which became the dominate phase after 0.5 
g of lime. Reaction time and lime amount was found to have the greatest influence 
on the DSP phase distribution.  
 
The formation of DSP from kaolinite resulted in 90% crystalline cancrinite after 48 
h, which was reflected in the IR spectrum as a sharp band at 951 cm-1, with a sodalite 
shoulder band at 981 cm-1. The IR spectrum of quartz derived DSP was considerably 
broader. Under the same reaction conditions for quartz, a maximum of 77% 
cancrinite was achieved. Desilication products formed using a quartz source were 
larger in size than those formed from kaolinite.  
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6Chapter 6:  DSP signature bands 
6.1 INTRODUCTION 
It was noted in Chapters 4 and 5 that there were different vibrational modes (mainly 
asymmetric and symmetric stretching, double ring, and bending modes) specific to 
sodalite, cancrinite and katoite. Changes in the signature bands were observed with 
differing Bayer conditions used and have been discussed.  
  
A number of studies have been carried out to resolve the assignment of IR bands for 
the cancrinite framework [19, 86, 93, 120, 130]. The asymmetric stretch of Si-O-Al 
bands in the cancrinite structure appears as four peaks at 1110, 1050, 1020 and 960 
cm-1 [19, 120, 130]. Two medium absorbance peaks at 770 and 688 cm-1 [19, 101, 
120, 130, 131] rise due to the symmetric stretch of the Si-O-Al bonds. Single 
medium peaks at around 570-560 cm-1 [19, 130, 132] and 460-450 cm-1 [19, 130] 
have been observed due to the double ring of the cancrinite structure and bending 
mode of T-O (T= Al or Si), respectively. The region 400-800 cm-1 is known as the 
‘fingerprint’ region and is very sensitive to structural changes in the framework [19, 
130]. Previous works by Barnes, M.C et al [130] identified wavelength shifts and 
intensity differences in the range of 1100- 400 cm-1 with different conditions used 
during the digestion. This chapter delves into these difference more closely. 
 
6.2 SODALITE AND CANCRINITE SIGNATURE BANDS 
 Asymmetric stretch of Al-O-Si framework (1250-900 cm-1) 
The FTIR spectra between 1200 and 850 cm-1 of DSP produced using different Bayer 
conditions are displayed in Figure 6.1. The major vibrational peaks observed at 1030, 
1010 and 950 cm-1, assigned to cancrinite asymmetric vibrational modes, were in 
harmony with published data from previous studies [46, 101]. Slight changes in band 
positions and intensities have been observed for different experimental conditions 
(reaction time, lime addition and A/C ratio).   
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DSP samples formed using different reaction times (Figure 6.1a), appeared as a 
relatively sharp band centred at approximately 950 cm-1, with broader shoulder peaks 
at around 1010 and 1030 cm-1. Three peaks at 1033, 986 and 952 cm-1 have been 
resolved in the Al-O-Si asymmetric stretching region, along with an additional peak 
at 1111 cm-1 for the DSP sample synthesised for 48 h (Figure 6.1a). The 48 h DSP 
sample had the highest percentage of cancrinite in this study, thus the peak at 952 
cm-1 has been proposed to be predominately due to asymmetric stretching of Si-O-Al 
bands in cancrinite. Decreases in intensities and slight shifts to higher wavenumbers 
have been observed with a decreasing reaction time. The decreasing intensity of the 
952 cm-1 band reflects a decrease in cancrinite concentration, confirmed by XRD 
data (Figure 4.5). Slight shifts in peak positions to around 968 cm-1 were believed to 
be due to changes in crystallite size [137], whereby the greatest crystallite size was 
observed for 48 h (evident in SEM images Figure 4.6). These shifts were associated 
with a change in bond length between Si-O and Al-O (average length; Si-O= 1.621 
and Al-O= 1.712 Å) [90] and bond angles (Si-O-Al= 143.7 Å) [90] indicative of an 
increased amount of sodalite (Table 4.3). 
 
DSP samples formed using lime (Figure 6.1b), appeared as a broader band centred at 
approximately 960 cm-1 compared to the sharp band obtained for DSP formed at 48 
h.  The band at 960 cm-1 can be resolved into four bands at 1119, 1035, 991, 964 cm-
1 along with a new additional band at 935 cm-1. The new band at 935 cm-1 increases 
in intensity with the addition of lime, believed to be asymmetric stretching modes of 
Si-O-Al in katoite based on increasing amounts observed in XRD from (0.1 g of lime 
forms 6.04% katoite and increases to 48.69% for 1.0 g of lime (Figure 4.7)). Katoite 
has been reported to have additional strong vibrational bands at 915, 860 and 840 cm-
1 [144] attributed to Si-O stretching modes; these bands are not clearly observed in 
these samples due to peak tailing from the dominant 960 cm-1 band.  The shoulder at 
991 cm-1 has been proposed to be due to asymmetric stretching modes of Si-O-Al in 
sodalite (based on quantitative XRD results –Table 4.3).  Structural changes of 
katoite formed under Bayer conditions have not been well studied. Mineral katoite 
studies report the primary asymmetric stretching mode of Si-O-Al appears at 935 cm-
1 [145, 148], consistent with the spectra obtained for DSP formed with lime showing 
up to 48.69% katoite. 
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DSP samples formed using varying A/C ratios (Figure 6.1c), had a similar spectral 
profile to DSP formed at 1 h, however the strongest intensity peak at 967 cm-1 was 
broader. Band profiling identified four bands at 1118, 1036, 1003 and 967 cm-1 
assigned to Si-O-Al asymmetric stretching modes for cancrinite (primary bands 967 
and 1036 cm-1) and sodalite (1003 cm-1). Band assignments were based on 
quantitative XRD results and intensity trends observed in the infrared spectra for all 
Bayer conditions (Chapters 4 and 5). EDS analysis found slightly higher amounts of 
Al in cancrinite structures formed at higher A/C ratios, proposed to be responsible 
for the slight shift from 967 cm-1 (A/C=0.1) to 956 cm-1 (A/C=0.6) [129].    
 
 
 
                
                 
 
 
(a)                                                        (b)                                             (c) 
Figure 6.1: Asymmetric stretching bands of DSP formed using different Bayer 
conditions, (a) reaction time, (b) amount of lime and (c) A/C ratio 
 
Slight structural changes were observed in the Al-O-Si asymmetric vibrational region 
[128], which showed wavenumber shifts for the main peak observed at 950 cm-1 
attributed to cancrinite [19, 130]. DSP samples with higher portions of cancrinite 
observed the Al-O-Si asymmetric vibrational modes closer to 950 cm-1, while a shift 
to higher wavenumbers (958 cm-1) were observed when sodalite was present in 
significant amounts (greater than 12%). The 950 cm-1 peak position was found to be 
48 h 
24 h 
6 h 
4 h 
2 h 
1 h 
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dependent on the Al:Si ratio for zeolites, where an increase in Al content causes the 
band to shift to lower wavenumbers [124]. The combination of XRD and infrared 
spectroscopy has been able to distinguish between different desilication products that 
form under Bayer conditions using the T-O-T asymmetric stretching vibrations 
between 1200 and 850 cm-1.   
 
 Symmetric stretch of Al-O-Si (800-600 cm-1) 
Previous studies have reported cancrinite Al-O-Si symmetric vibrational bands 
typically appear between 770 and 650 cm-1 [19, 130].  Al-O-Si symmetric stretching 
vibrations of DSP formed after 48 h appear at around 681 cm-1, with a shoulder band 
at 670 cm-1 (Figure 6.2a). As the reaction time decreases, a broader band with an 
overlapping peak at 667 cm-1 is clearly visible. Based on the quantitative XRD data, 
the band at 667 cm-1 was believed to be attributed to Al-O-Si symmetric vibrational 
modes of sodalite [130]. This observation indicates that cancrinite and sodalite can 
be differentiated in DSP samples based on the location of the Al-O-Si symmetric 
vibrational modes.   
 
In the presence of lime (Figure 6.2b), a more complex and broader band profile was 
observed comprised of bands at 715, 685 and 660 cm-1. This complexity was believe 
to be due to the mixture of sodalite, katoite and cancrinite phases [19]. According to 
previous studies, characteristic vibrational bands for sodalite occur at 710 and 660 
cm-1 [130]. Katoite has also been reported to have Al-O-Si symmetric vibrational 
modes at around 660 cm-1 [145, 148], therefore some overlap between katoite and 
sodalite would occur. It was proposed that the 685 cm-1 band was attributed to 
cancrinite, based on previous results (reaction time experiments) and studies [130]. 
The disappearance of the 715 cm-1 band, assigned to sodalite vibrational modes 
[130], was observed for DSP samples formed with increasing amounts of lime 
(Figure 6.2b). This observation agrees with the quantitative data that shows no 
sodalite in the 1.0 g lime sample. The new peak at 670 cm-1 for the 1.0 g DSP sample 
was believed to be due to the increased amount of katoite (48.69%) in the absence of 
sodalite.   
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The DSP products formed at varying A/C ratios (Figure 6.2c), shows the broad Al-O-
Si symmetric stretching vibration band clearly split into three peaks similar to the 
lime DSP samples; 721, 691 and 661 cm-1. Quantitative XRD (Table 4.5) shows that 
cancrinite and sodalite are the primary mineralogical phases with a high amorphous 
content (>60%), with an increasing amount of cancrinite for higher A/C ratios. As 
the A/C ratio increases to 0.6, peaks shifted to lower wavenumbers (from 691 to 684 
cm-1), along with increasing intensity. This was due to the increasing proportion of 
cancrinite in the DSP sample. The presence of the band at 660 cm-1 indicates that the 
high amorphous content still contains sodalite.   
 
 
 
 
 
 
 
(a)                                                       (b)                                         (c) 
Figure 6.2: Symmetric stretching bands of DSP formed using different Bayer 
conditions: (a) reaction time, (b) amount of lime and (c) A/C ratio 
 
Based on IR spectra in Figure 6.2, each of the DSP phases were identified; cancrinite 
was identified by a band at 680 cm-1; sodalite can be identified by bands at 715 and 
660 cm-1; while katoite can be identified by a band at 670 cm-1. The stretching 
vibrations of Al-O and Si-O bonds in the framework were affect slightly by the 
oxygen-cation bonds [122], such as the substitution of  Ca for Na.  These changes in 
the framework resulted in shifts in the Al-O-Si symmetric stretching modes which 
can be used to identify the three DSP phases. According to  Milkey et al [122], the 
bond distance between O and Na or Ca (2.5 Å) is comparatively greater than the 
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bond distance between Al-O and Si-O (1.7-1.6 Å). A slight shift to higher 
wavenumber was observed for the characteristic cancrinite peak at 680 cm-1 as time 
decreased. It was suggested to be due to the slight decrease of Al/Si ratio in the 
structure, while the shifts observed in the lime experiment series was strongly believe 
to be due to the replacement of Na+ by Ca2+ ions. 
 
 Double bond (parallel 4 or 6 membered rings) (650- 500 cm-1) 
The bands at 622 and 571 cm-1 were attributed to the double ring vibrations caused 
by the zeolite framework (Figure 6.3a). The positions of these bands were in good 
agreement with previous studies [19, 130]. The intensity of both bands increased 
with an increase in reaction time. This increase was due to the increase of cancrinite 
and decrease of impurity phases based on XRD data (Figure 4.5). Samples 
synthesised with different amounts of lime resulted in more complex and broader 
spectral profiles. The broadness of the band profile increases with higher amounts of 
lime, which made the identification of the double ring modes difficult. IR vibrational 
spectra show two weak vibrational modes at 619 and 576 cm-1 for 1.0 g of lime. It 
was not possible to resolve the peaks due to the appearance of katoite in this region. 
DSP produced with different A/C ratios showed similar band profiles to the 
cancrinite samples prepared at different reaction times (Figure 6.3b), except they are 
broader and less intense. Due to the presence of 4-membered rings in the cancrinite 
structure, vibrational bands of double ring shifted towards lower wavenumbers and 
can be affect by the presence of bands due to the carbonate groups [132]. The 
position and the shape of the ring bands found appeared to depend on the ring 
deformation and the arrangement of the structure [132, 149]. 
 
Based on the changes observed between 650 and 500 cm-1 for the three different 
Bayer conditions, it can be used to identify the different phases. Cancrinite had two 
recognisable peaks of 622 and 517 cm-1, however in the presence of katoite an 
additional broad band at 515 cm-1 overlaps with the 622 and 517 cm-1 bands. The 
presence of sodalite causes the 622 and 517 cm-1 bands to become broader, with the 
appearance of overlapping bands for A/C= 0.1 (Figure 6.3c). 
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(a)                                                        (b)                                              (c) 
Figure 6.3: Double ring bands of DSP formed using different Bayer conditions: (a) 
reaction time, (b) amount of lime and (c) A/C ratio  
 
 
 T-O bend (T= Al or Si) (500-420 cm-1) 
The T-O bending mode in zeolites has been assigned as an internal tetrahedral mode 
which is less sensitive to structural variations [128]. However, in this study some 
structural changes were identified for the different mixtures of desilication products 
formed under different Bayer conditions. Figure 6.4a observed three peaks at 503, 
457 and 421 cm-1 assigned to the T-O bending modes (primarily to cancrinite). The 
assignment was based on the intensity of peaks increasing with reaction time, which 
corresponds with XRD results (Table 4.3) that showed cancrinite increasing from 
25.99% for 1 h with 12.28% sodalite to 90.9% cancrinite for the 48 h sample with no 
detectable sodalite.   
 
The complexity of the spectral profile in this region (525-400 cm-1) increases with 
the addition of lime (Figure 6.4b), showing changes in peak intensities, shifts and 
broadening of peaks. Increasing the amount of lime in the Bayer liquor has resulted 
in a shift of the 503 cm-1 band (reaction time experiments) to 509 cm-1 with an 
associated increase in intensity, while varying band intensities for the 421 cm-1 band 
was observed.  Based on the quantitative XRD data (Table 4.4) the following 
assignments were proposed.  The band at 421 cm-1 was being influenced primarily by 
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the amount of cancrinite in the DSP sample; cancrinite in the sample increased to 
40.42% with 0.1 g of lime matching an increase in intensity in the IR spectrum, 
followed by a decrease in intensity corresponding to a decrease in the amount of 
cancrinite (26.83% for 1.0 g lime). The band at 509 cm-1 was proposed to be 
influenced primarily by katoite, based on an increasing intensity with increasing 
katoite content (from undetectable to 48.69%) with increasing lime addition (Figure 
4.7).  The spectral profile of the A/C DSP samples between 525 and 400 cm-1 (Figure 
6.4c), showed the 426 cm-1 band to have the highest intensity, while the other bands 
at higher wavenumbers were almost unidentifiable.  XRD data (Table 4.5) indicates 
the increasing intensity of the 426 cm-1 band was again associated with the amount of 
cancrinite in the sample. 
   
 
 
 
 
 
 
(a)                                                            (b)                                           (c) 
Figure 6.4: Bending modes of DSP formed using different Bayer conditions: (a) 
reaction time, (b) amount of lime and (c) A/C ratio 
 
Edith et al.  [128] proposed that the Al/Si ratio affect is significantly less for the T-O 
bending mode when compared to other vibrational modes, while Mogzawa et al. 
[122] discussed the capability of using the bending band region at 470- 410 cm-1 to 
determine the degree of amorphous material. Vibrational peaks at around 500 cm-
1 were significantly different between the three reaction variables, which can be 
identified as the consequences of the amorphous content present in the samples. It 
has been found that the amorphous content of samples synthesised with different A/C 
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ratio were relatively consistent with (66 – 60%); unrecognisable changes in peak 
intensities were observed despite the increased amount of cancrinite or Al content. 
Conversely, peak intensities of samples for lime additions and time experiments 
showed an increase in peak intensities at around 500 cm-1 with a decreasing 
amorphous content. 
 
6.3 CONCLUSION 
In-depth analysis of FTIR, with reference to XRD and SEM, was carried out to 
understand the signature bands and structural differences for different DSP that form 
under Bayer conditions. The asymmetric stretching band, Al-O-Si (1200- 850 cm-1), 
observed the greatest structural changes of DSP. Cancrinite has a peak at 950 cm-1, 
however shifted to a higher wavenumber, 958 cm-1, in the presence of sodalite. A 
peak at 935 cm-1 was determined to represent katoite in the DSP mixture. An 
indication of the amorphous content in the sample can be elucidated by the T-O 
bending region (500-420 cm-1). The combination of quantitative XRD results and 
infrared spectra has enabled the identification of characteristic peaks for the three 
mineralogical phases formed using Bayer conditions.            
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7Chapter 7: Characterisation of red mud 
7.1 INTRODUCTION 
The characteristics of red mud depend primarily on the chemical and physical make 
up of bauxite ore source and refining process. Major elemental constituents found in 
red mud are: hematite (27-29%), boehmite (9-6%), anatase (3-5%), quartz (0-2%) 
and DSP (sodalite (0-16%) and cancrinite (33-51%)) [2, 4, 6, 9, 24, 150-152]. This 
composition can vary due to the additives used during the process, mainly forming 
calcite, perovskite, illite and magnetite [2]. Studies have reported high amounts of 
amorphous content (5-50%) in red mud to be common [4, 9, 150-152]. Literature 
reveals that the amorphous phase consists mainly of Fe, Al and Si [5, 7, 9]. However, 
to date, no studies have been able to determine and characterise the chemical or 
structural composition of the amorphous phase [10].  
 
Due to the processing technologies and operational parameters, red mud particles 
typically vary in the range 20 to 2000 μm [2, 6, 7, 10, 38]. The fine particles are often 
observed as agglomerates [5]. 10-20% of red mud exists as sand and 80-90 % of the rest 
is classed as clay. Red mud shows relatively higher specific areas (13-22 m2 g-1) due to 
the small size of particles [2]. The average bulk density of red mud is 2.5 ± 0.7 g cm-3 
[7], while the hydraulic conductivity is around 0.002 cm min-1 [7]. 
 
Due to the ambiguous nature of red mud, the characterisation of red mud is complicated. 
Currently, available knowledge on the quantitative chemical and mineralogical phase of 
red mud is not well understood. XRD characterisation techniques have been considered 
the best technique for quantitative phase analysis [29, 153-155], however limitations of 
using this techniques are:   
1. Variable mineral phase compositions  
2. Overlap of minor and major mineral phase diffraction peaks 
3. Lack of reference patterns that truly represent red mud mineralogical phases  
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Differentiating sodalite and cancrinite phases present in red mud and quantitative 
analysis of these two phases has not been thoroughly studied. Therefore, the primary aim 
of this chapter are: 
1. Understanding the mineral phases present in red mud using XRD and IR 
2. Quantitative DSP phase analysis using XRD, XRF and ICP-OES 
3. Suitability and reproducibility of using IR for characterising red mud 
 
This chapter presents the qualitative and quantitative analysis of red mud using different 
characterisation techniques and the signature IR bands for differentiating between 
sodalite and cancrinite. 
 
7.2 CHARACTERISATION OF RED MUD 
 XRD and XRF 
The only pre-treatment undertaken before the analysis of red mud was a drying phase 
(48 h at 80˚C). The red mud was then analysed by XRD in order to determine the 
qualitative and quantitative mineral phases present. Figure 7.1 illustrates the main 
mineralogical phases detected by XRD in the red mud sample, while Table 7.1 shows 
the respective amounts of each mineralogical phase. The presence of DSP can be 
identified by the peaks observed at 16.19, 28.24 and 40.3° (both sodalite and cancrinite) 
and 22.02 and 32.04˚ for cancrinite. Hematite peaks were observed at 2θ= 28.18, 38.66, 
41.69, 74.02 and 76.02°, quartz peaks were observed at 2θ= 31.04 and 49.99°, anatase 
peaks were observed at 2θ= 29.44 and 63.53°, while boehmite peaks were observed at 
2θ= 16.99, 32.77 and 86.29°. The largest diffraction line was observed at around 2θ= 
28.18° caused by the overlapping of hematite, sodalite and cancrinite diffraction lines.  
 
Table 7.1: Quantitative represent of mineral phases in red mud 
 Hematite 
% 
SOD 
% 
Boehmite 
% 
CAN 
% 
Anatase 
% 
Quartz 
% 
Amorphous 
phase 
% 
Red 
mud 
21.10 6.29 6.10 4.40 2.45 1.14 58.52 
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Figure 7.1: XRD patterns of mineral phases present in red mud. A- Anatase, B- 
Boehmite, H-Hematite, Q- Quartz, S-Sodalite 
 
Quantitative XRD, using a corundum standard, revealed that the majority of the sample 
was amorphous (58.52%), which means the exact mineral concentrations are unknown. 
However, the quantitative phase analysis was dependent on the full powder pattern from 
crystal structural data. Therefore, the estimated mineral phase concentrations in Table 
7.1 could be overestimated or underestimated, which in turn effects the amorphous 
content found from the analysis. Based on the XRF data (Table 7.2), XRD results were 
underestimated. However, quantitative XRD has quantified the red mud sample as 
follows; hematite (21.1%) was the main phase observed, followed by boehmite (6.10%), 
sodalite (6.29%), cancrinite (4.4%), anatase (2.45%), and quartz (1.14%). Sodalite and 
cancrinite were found as the main desilication products in red mud, however it should be 
noted that due to the overlap of diffraction lines there is a large uncertainty in the 
accuracy of the wt% of these 2 mineralogical phases.  
 
 
 
S 
S/H 
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Table 7.2: XRF analysis of major elements present in red mud 
 
Na2O % Al2O3 % SiO2 % CaO % TiO2 % Fe2O3 % 
Red 
mud 10.25 23.21 16.92 1.47 6.87 31.78 
 
Comparison of wt % of elements calculated from XRD and XRF are provided in Table 
7.3. The comparison shows that, in most cases, XRD underestimated the wt%, which 
would contribute to the high amorphous content of the sample. Major elemental 
miscalculations shown by XRD were attributed to Fe, Al and Si. A sample calculation 
for the conversion of XRD and XRF data presented in Table 7.3 can be located in 
Appendix 3. 
Table 7.3: Comparison of Wt% of elements by XRD and XRF 
Element Major minerals XRD (wt%) XRF (wt%) 
Fe hematite 14.76 22.22 
Si quartz, sodalite, 
cancrinite 
2.32 7.90 
Al boehmite, sodalite, 
cancrinite 
4.47 12.28 
Na sodalite, cancrinite 1.77 7.60 
Ti Anatase 1.46 4.11 
 
 FTIR 
The FTIR peak-fitted spectra in the range of 1200 to 400 cm-1 is provided in Figure 
7.1, while Table 7.4 provides reference vibrational bands for mineralogical phases 
identified by XRD. It was clear that the bulk of the bands in red mud were associated 
with DSP, with some overlapping with boehmite (1075 and 717 cm-1), anatase 
(432cm-1), quartz (1075 and 454 cm-1) and hematite (551 and 454 cm-1). The Ti-O-Ti 
stretching band of anatase [156] was observed at 656 cm-1. The most intense band 
observed at 967 cm-1 was characteristic of Al-O-Si asymmetric stretching vibrations 
(DSP). The broadness of the band indicates overlapping of multiple Al-O-Si  
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Table 7.4: FTIR vibrational bands for mineral phases present in red mud [20, 121, 
130, 157-161] 
Red 
mud/ 
cm-1 
Reference wavenumbers/cm-1 
DSP Boehmite Anatase Quartz Hematite Assignment 
1075 1100-1096  1085-1065 - 1090-1076 - Si-O-Al (Si) 
asymmetric 
stretching vibration  
1038 1035-1015 - - - - Si-O-Al (Si) 
asymmetric 
stretching vibration 
998 996-980 - - - - Si-O-Al (Si) 
asymmetric 
stretching vibration 
967 965-950 - - - - Si-O-Al (Si) 
asymmetric 
stretching vibration 
717 762-712 750-720 - - - Si-O-Al (Si) 
symmetric 
stretching vibration 
684 710-684 - - - - Si-O-Al (Si) 
asymmetric 
stretching vibration 
656 - - 650-640 - - Ti-O-Ti stretching 
602 622-607 - - - - Double ring 
vibration 
551 570-551 - - - 560-550 Fe-O bond 
vibration 
454 460- 455 - - 462-450 474-447 Si-O –Si/Al 
bending vibration 
432 446-431  430-420   Si-O –Si/Al 
bending vibration 
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vibrations with slightly different environments; proposed to be variations in DSP 
species and anion inclusions. Based on the intensity of the characteristic Al-O-Si 
asymmetric stretching vibration at 967 cm-1 a significant portion of the 58.5% 
amorphous content, determined by quantitative XRD, was proposed to be DSP. 
 
 
Figure 7.1: FTIR spectrum of red mud 
 
 SEM 
SEM analysis of red mud was carried out in order to identify the different 
morphologies of mineralogical phases (Figure 7.2). Results were in agreement with 
literature. The majority of particles were within the size range of 1 to 10 μm, also 
reported by other authors [2, 4, 6, 10, 41]. This small size range was proposed to be 
responsible for the large amorphous phase. The morphology of the individual 
mineral phases could not be identified, however based on the appearance and 
elemental compositions, DSP and hematite have been assigned. Figure 7.2a  shows 
the size variations of crystals fouund in red mud, while Figure 7.2b/c,d and e 
provided representations of some of the different morphologies.  
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Figure 7.2: SEM images of red mud 
 
 
The densly packed  crystals of about 1.5 μm (Figure 7.2c) are proposed to be 
desilication products based on EDS analysis (Appendix 1: Table 6). EDS point 
analysis at position x (Figure 7.2c) had a chemical elemental ratio of Na:Al:Si:Fe = 
a) 
y 
x 
d) e) 
b) c) 
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5.85:8.86:5.92:9.63, consistent with a high Na:Si:Al mineral such as DSP. Similarly, 
densly packed particles were also observed for sodalite synthesised in the laboratory 
(Chapter 4). Flaky round particles around 1 μm, appear to be an aggregation of 
smaller particles where the individual morphologies were indistinguishable. EDS 
point analysis (Figure 7.2c, y position) shows that these particles are high in Fe 
(Na:Al:Si:Fe = 3.45:3.52:1.75:26.09), thus were presumed to be hematite crystals 
aggregated together.  
 
7.3 REPRODUCIBILITY OF RED MUD IR SPECTRA 
The reproducibility of analysing red mud by IR has been carried out to determine if 
spectral changes occur based on the methodology used. The investigation looked at:  
(1) Analysis of the same red mud sample 5 times, without any interference once 
placed on the diamond ATR (Figure 7.3)  
(2) Analysis of 5 different sub-samples of red mud taken from the bulk and analysed 
without using a baseline correction between each sample (Figure 7.4)  
(3) Analysis of 5 different sub-samples of red mud taken from the bulk and analysed 
with a baseline correction between each sample (Figure 7.5)  
 
The reproducibility of the IR technique for an individual sample has been shown to be 
adequate (Figure 7.3), as there appears to be no significant deviations between the 5 
spectra. However, variations in spectral profiles, in particular peak intensities, are 
observed when different sub-samples of red mud are analysed (Figure 7.4 and Figure 
7.5). Variations in peak intensity were amplified when a baseline correction was 
performed between the analyses of each sub-sample of the bulk red mud sample. Due to 
the variability in RM and thus the inability to reproduce spectral profiles, IR was deemed 
to be qualitative. Further investigations have focused on determining if IR could be used 
for the identification of individual DSP species (Chapters 5 and 6).  
 
c) b) 
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Figure 7.3: Same red mud sample 
 
Figure 7.4: Different RM sub-samples with no baseline correction 
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Figure 7.5: Different RM sub-samples with baseline correction 
 
Cancrinite cannot be clearly identified in the XRD pattern (Figure 7.1), due to the 
similarity of the two patterns, however the IR spectrum of red mud indicates that there is 
the possibility of both DSP species. The broadness of the IR band at approximately 970 
cm-1 (Figure 7.1), assigned to Al-O-Si vibrational modes typical of sodalite and 
cancrinite, suggests both DSP species are present in the red mud sample (overlapping 
bands of similar vibrational modes that causes band broadening). Therefore, to confirm 
the presence of both DSP species, known amounts of pure cancrinite (10, 15, 20, 30, 50 
wt%) was mixed with the red mud sample prior to analysis (Figure 7.6). There were a 
number of peaks that increased in intensity between 1250 and 900 cm-1 (Figure 7.6), as 
the cancrinite percentage increased. Spiking red mud with known amounts of cancrinite 
shows that there is a good probability that both DSP species were present in red mud. No 
significant change was observed for the asymmetric peak centred at 967cm-1 up to 15% 
cancrinite, however, higher percentages resulted in a shift to lower wavenumbers and 
sharpening of the band. Therefore, it is possible that a significant amount of DSP in the 
sample is cancrinite.   
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Figure 7.6: RM spiked with cancrinite 
 
7.4 TOTAL DSP BY ACID LEACHING 
Determination of total DSP content in red mud has been carried out by acid leaching 
described by Picaro [162]. It was found that under acidic conditions DSP will 
decompose, allowing the total DSP in red mud to be calculated (based on elemental 
analysis of leached solution); method assumes that DSP was the only mineral reacting. 
Red mud was acid leached using 0.05M H2SO4. The leached solution was analysed by 
ICP-OES to determine the wt% of each element. 
 
 pH 
The behaviour of DSP under acidic conditions has been summarised in Equation 7.1 and 
7.2 [163, 164]. The molecular formula of DSP is Na6(Al6S6O24).xNa2X.nH2O and has 
been denoted as DSP(Na). Due to the charge imbalance of the DSP structure, every x 
mol of sodium ion extracted will be replaced by x mol of hydrogen ions (xNa+ ⇆ xH+). 
When x mol of sodium was extracted from DSP, it will be denoted as DSP(Naa-x/Hx). 
Upon addition of sulphuric acid to red mud, the exchange of sodium and hydrogen ions 
will take place, leading to the formation of NaHSO4 (Eq: 7-1). Solution pH remains 
constant at low pH after the rate of Na+ exchange decreases. Low pH is mainly due to the 
presence of NaHSO4.      
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DSP(Naa) + xH2SO4 → DSP(Naa-x/Hx) + xNaHSO4               (7-1) 
DSP(Naa-x/Hx) + yH2SO4 → DSP(Naa-x-y/Hx+y) + (x-y)NaHSO4 + yNa2SO4             (7-2) 
  
The change in pH with time, after the addition of 0.05M sulfuric acid, is provided in 
Figure 7.7. Initial sulfuric acid pH was 2. A maximum pH of 2.65 was reached after 2h, 
followed by a drop in to pH 2.4 where it remained relatively stable for the rest of the 
leaching period.  
 
 
Figure 7.7: pH vs time of acid leaching of red mud 
 ICP-OES 
Changes in pH were supported by ICP-OES elemental trends (Figure 7.7). The major 
elements present in the red mud acid leach solution were Si, Al and Na with maximum 
concentrations of 372.9, 424.3 and 413.4 mg/L, respectively (Figure 7.8). A small 
amount of calcium (approximately 55.8 mg/L) was initially leached, however remained 
constant for 6hrs. The simultaneous release of Si, Al, Na and hydroxyl units supports 
claims that the dissolution of DSP in red mud occurs when using a 0.05M H2SO4 acidic 
solution [3, 8, 11, 35]. The calculation of total DSP was calculated after 2 h of leaching 
as the decrease in concentration after this time indicates possible side reactions. 
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Figure 7.8: Concentration of Si, Al and Na after acid leaching of red mud 
 
Based on a theoretical formula 3(Na2O.Al2O3.2SiO2)2NaCl.H2O, and using the Na 
concentration (possibly high Si (quartz) and Al (gibbsite) from additional dissolution 
species) the total amount of DSP was calculated to be 7.66% (Appendix: 2). This was 
3.03% less than the combined wt% determined by quantitative XRD (Table 7.1); 
illustrates the uncertainty of using this technique solely. 
 
 Confirming DSP dissolution 
Infrared spectroscopy confirmed the complete dissolution of DSP (Figure 7.9). Figure 
7.9 shows the disappearance of Al-O-Si asymmetric stretching modes associated with 
DSP phases (1250-800 cm-1), which confirms the dissolution of DSP. Bands observed at 
1065 cm-1 were due to the presence of boehmite [165] and not residual DSP. Figure 7.10 
shows the disappearance of the sodalite peak at 2θ= 16.20˚ which indicates the complete 
dissolution of sodalite even after 5 minutes.  
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Figure 7.9: Original RM and leached RM 
  
 
Figure 7.10: XRD patterns of red mud after acid leaching 
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7.5 CONCLUSION 
Quantitative phase analysis by XRD, XRF and ICP-OES gives an overall understanding 
of the red mud composition. However, quantitative phase analysis of red mud using 
XRD will not provide an accurate assessment of the mineralogical composition. FTIR 
was used to differentiate the sodalite and cancrinite phases, based on the position of the 
Al-O-Si asymmetric stretching band. It could be conclude that the combination of 
characterisation techniques provides a better understanding of red mud.      
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8Chapter 8: Separation of DSP from red 
mud 
8.1 INTRODUCTION 
The complexity and variability of red mud means that the compositions of these mine 
wastes are not well understood. This is compounded by the fact that some mineralogical 
species, such as sodalite and cancrinite, found in red mud are difficult to distinguish 
between using traditional techniques used by industry, such as X-ray diffraction [10, 28, 
29, 153-155]. Structures currently available in XRD mineralogical databases are unable 
to differentiate clearly between sodalite and cancrinite [4, 10, 130], which in turn means 
the exact mineral concentrations in red mud are unknown. This can have implications on 
disposal and environmental management programs.  
 
This research focuses on differentiating and thus quantifying sodalite and cancrinite in 
red mud, as these alkaline minerals have the greatest potential to cause pH reversion in 
storage facilities and adversely affect the growth of plants in land rehabilitation programs 
if the pH increases about tolerance levels [166]. X-ray diffraction techniques are 
commonly employed to quantify the composition of red mud, however are unable to 
quantify sodalite and cancrinite due to the following: 
(1) Both are tectosilicates with similar alumininosilicate cage-like units; therefore 
they share many common diffraction lines 
(2) Mineralogical composition is dependent on the conditions under which they 
formed; therefore an exact mineralogical match to a reference pattern is unlikely 
(3) Large amorphous contents in red mud prevents quantification of the sample; 
amorphous range from 5 to 50% in red mud typically [4, 6, 7, 10] 
 
Santini et., al. [10] has reported that poor fits to reference patterns are common for DSP 
materials; typically showing too many or too few diffraction lines, as well as shifts in 
peak angle. It is important that the exact species is known in order to plan and manage 
the disposal and use of red mud; for example, the leaching kinetics of sodalite and 
cancrinite are different and thus have different pH reversion potentials. Knowing the 
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exact DSP composition would also give insights into Bayer processing conditions and 
how they could be improved. 
 
The aims of this chapter are therefore:  
(1) To isolate the desilicate portion of red mud to simplify the sample matrix and 
remove interferences 
(2) To fully characterise the composition of the DSP species isolated   
 
This chapter presents the procedure developed to separate DSP from other red mud 
mineralogical components and the phase purity of the extracts. Currently, there is no 
accepted procedure to separate DSP from other red mud mineralogical components. In 
addition, a comparison of DSP bands observed in the red mud sample against the 
synthetic versions made in Chapters 4 to 6 have been made to assess the influence of the 
complex mineralogical matrix of red mud on the position of signature bands identified in 
Chapter 6. 
 
8.2 PHYSICAL SEPARATION OF DSP 
The isolation of DSP was attempted through the use of obtaining particular size fractions 
and dense media separation methods. Although a pure DSP was not obtained, a fraction 
with significantly less impurities than the original red mud was obtained. More 
importantly, the fraction containing DSP did not contain other mineralogical compounds 
that appear in the same region of the IR spectrum where signature bands were identified 
in Chapter 6. The specific details of each stage of the separation process is described 
below, while an overview of the process used is provided in the flow diagram below 
Figure 8.1. 
 
 Sieving 
Red mud slurry, as received, was sieved using 45 and 20 μm sieves (proposed method by 
Santini [10]). This sieving step was predominantly employed to eliminate the sand 
content, which are believed to have particle diameter range of 20-2000 μm based on 
previous works [7, 9, 10]. The XRD pattern (Figure 6.6) shows a portion of quartz was 
removed from the fines (<45 μm), based on intensity variations with respect to the 
hematite peaks between 35 and 45°2θ, however, as this particular red mud was known to 
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have the bulk of particles less than 10 μm (SEM Figure 7.2) a significant amount of 
quartz is still present in the fines. The average particle size range (less than 10 μm) also 
explains why all mineralogical components were detected in both size fractions. With 
respect to the two hematite peaks, a smaller amount of boehmite was observed in the 
retained fraction (>45 μm) indicating that a greater portion of boehmite particles in the 
original slurry were smaller than other mineralogical phases. No significant changes 
were observed for the other mineralogical phases identified in the original red mud 
sample.  
 
 
Figure 8.1: Procedure to separate desilication products 
 
Sieving the red mud slurry through a 20 μm sieve resulted in a significantly higher 
portion of quartz to be retained, with a small portion of quartz collected in the fines 
(Figure 8.3). There was also a considerable reduction of boehmite in the smaller 
fraction. Overall, wet sieving of this particular red mud slurry was not able to 
achieve a good separation of quartz and boehmite from the matrix.
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Figure 8.2: XRD patterns of red mud fractions sieved at 45 μm Figure 8.3: XRD patterns of red mud fractions sieved at 20 μm 
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 Heavy liquid for density separation  
Heavy liquids are solutions with a high density and a relatively low viscosity [167-170]. 
Heavy liquids are often used for the determination of the density of minerals, separating 
a mixture of minerals or density gradient centrifugation in the mineral industry [171]. 
Density separation techniques are based on using a liquid with an intermediate 
density of the different minerals in the sample, allowing minerals with lower 
densities than the intermediate liquid to float and minerals with higher densities to 
sink [167, 172, 173]. Two common organic heavy liquids used in the field are 
bromoform and tetrabromoethane (TBE). Tetrabromoethane has a density of 2.96 
gcm-3 with a higher viscosity (9 cP) and a lower vapour pressure (0.02 mm Hg at 25 
˚C) [169, 172, 174]. Carbon tetrachloride can be used to have a range of densities 
below 2.96 gcm-3 up to 1.58 gcm-3. Bromoform has a density of 2.89 gcm-3 with 
lower viscosity (1.8 cP) and consider to be more hazardous to work with due to its 
higher vapour pressure (5.9 mmHg at 25 ˚C) [169, 172, 174]. Carbon tetrachloride 
bromoform can achieve a density between 1.58 and 2.89 gcm-3.  
  
Due to the many negative effects of organic heavy liquids, alternative low- toxic, low 
-volatile inorganic heavy liquids have been explored. These inorganic heavy liquids, 
based on tungstate compounds, can be utilised for densities up to 3.1 gcm-3.  The 
common inorganic heavy liquids currently use are sodiumtungstate, sodium 
polytungstate (SPT), sodium metatungstate and lithium metatunstate [138] [169, 173-
175]. All these compounds contain the [H2W12O40]
6- polyanion, which is dissolved in 
water to form a very dense solution [138, 172]. LMT is the most economical heavy 
liquid [138].  
 
According to the different densities of mineral phases found in red mud (Table 8.1), 
possible intermediate densities were selected in order to separate DSP from the other 
mineralogical phases. Densities of 2.0, 2.2, 2.4, 2.5 and 2.6 gcm-3 were tested. Separation 
using a density of 2.0 gcm-3 did not result in a lighter density fraction, as expected based 
on mineral densities for mineralogical species identified by XRD.  
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     Table 8.1: Density of mineral phases found in red mud [10] 
Mineral phase Density/ gcm-3 
DSP 2.3 
Quartz  2.6 
Boehmite  3.0 
Anatase  3.8 
Hematite  5.3 
 
8.2.2.1 Sodium tungstate separation 
A density of 2.4 gcm-3 was unable to be achieved as per Santini’s proposed method [10].   
The maximum density achievable for sodium tungstate was 2.1 gcm-3, however this was 
too low to achieve reasonable separation of the mineral phases in red mud. Multiple 
separation steps (4 steps) were performed to produce a sufficient amount of sample for 
further analysis by XRD (Figure 8.4).  
    
 
 Figure 8.4: XRD patterns of red mud separated from sodium tungstate (2.1 gcm-3) 
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The lower density fraction (using a 2.1 gcm-3) showed some success in separating DSP 
form the complex matrix of phases in red mud, however, as evident from the XRD in 
Figure 8.4, hematite, boehmite and anatase were detected. It is proposed that the finer 
particle size of hemataite and anatase resulted in these phases being collected in the 
lower density fraction, with similar observations being reported previously [176, 177].  
 
Overall, the isolation of DSP from red mud mixtures using sodium tungstate was 
unsuccessful due to an inability to achieve the desired density of 2.4 gcm-3 and the bulk 
of mineral phases in red mud having a small particle size (less than 10 μm). Figure 8.4 
also shows the formation of calcium tungstate in the high density fraction, indicating the 
reaction of sodium tungstate with red mud mineralogical phases. To reduce the 
contamination of the sample with calcium tungstate it would need  to be washed with hot 
water (̴ 60˚C) several times [171].  
 
8.2.2.2 Lithium metatungstate separation 
LMT has a density of 2.95 gcm-3 with a viscosity of 25 cP (3 times higher than 
water), therefore separations involving LMT were completed by centrifugation rather 
than in a separating funnel. The mass of the low density fractions were calculated to 
be around 10% for LMT solutions with 2.4 and 2.5 gcm-3 densities. These low 
density fractions showed the successful reduction of complexity in mineralogical 
composition, with major phases collected being DSP, anatase and hematite (Figure 
8.5 and Figure 8.6). The use of LMT was able to produce a fraction without 
boehmite, which was observed for sodium tungstate (Figure 8.4). Although the low 
density fraction had a high proportion of DSP, it was expected to have only DSP based 
on theoretical mineral densities for the other components of red mud. Again, this is 
believed to be due to the small particle size of the bulk of red mud mineralogical phases. 
The presence of DSP in the higher density fraction also showed inefficiencies in the 
separation process. This could be due to the interlayer changes occurring due to the 
different amount of water molecules present in the cages of sodalite. Although the 
sample matrix of red mud had been simplified, only a relatively small mass was 
collected for the low density fraction, indicating limited success of the overall 
separation process. Similar low and high density fractions were obtained for a LMT 
solution with varying densities, as shown in Table 8.2.  
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Table 8.2: Mineral phases found in different densities 
Density/ gcm-3 Mineral phases present in low density fraction 
2.0 No mineral found 
2.1 Sodalite, hematite, anatase and boehmite 
2.2 Sodalite, hematite, anatase and boehmite 
2.4 Sodalite, hematite and anatase 
2.5 Sodalite, hematite and anatase 
2.6 Sodalite, hematite and anatase 
 
SEM and EDS analysis was used to investigate the particle size properties and potential 
inclusions of hematite and anatase in the bulk DSP phase in the separation fractions 
(Figure 8.7). SEM images (Figure 8.7a and b) represent the size distribution and shape of 
particles collected in the low density separation fraction. The particles appeared to be on 
average less than 2 μm in size, with an overall spherical shape. The small particle size 
was proposed to have caused the high amount of amorphous phase recorded in 
quantitative XRD (Appendix 2, Figure 2). Further analysis of SEM shows there are two 
types of spherical shaped morphologies; cotton wool appearance (Figure 8.7c), and 
smooth plates combine together to form a spherical shape (Figure 8.7d) [166]. However, 
in both cases agglomeration of smaller particles (less than 100 nm) in and outside the 
spherical shaped crystals were found. No specific shape was recognised for finer 
particles, which were proposed to be the amorphous phase identified in XRD analysis.      
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Figure 8.5: Red mud separation using 2.4 gcm-3 LMT Figure 8.6: Red mud separation using 2.5 gcm-3 LMT 
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Figure 8.7: SEM images of desilication products separated by LMT (d= 2.5 gcm-1) 
 
The presence of hematite and anatase in the low density fraction may also be due to the 
entrapment of small particles in DSP aggregates. Previous study on red mud separation 
by T.Picaro et., al. [162], also observed that “ball” shaped DSP crystals were found 
to have iron locked inside and was not available for acid leaching [162]. EDS point 
and ID analysis was carried out to study the chemical composition of differently shaped 
crystals found on and within the spherical crystals (Figure 8.8). Table 8.3 shows the 
elemental weight percentage of 4 spot analyses conducted. Samples 1 and 2 represent the 
elemental composition of areas of aggregation of finer particles; sample 3 provides the 
elemental composition of the smooth rectangular shaped particles; sample 4 provides the 
elemental composition of the larger particles of densely packed fibrous particles (Figure 
8.9). All areas of the particle showed Al as the most abundant element, followed by Si; 
indicating the bulk of the material was DSP. Samples 1 and 2 observed relatively high 
weight % of Fe compared to Si for the irregularly shaped clusters that have aggregated 
together. Based on the iron species identified by XRD, it was proposed that very fine 
a)) b) 
c) d) 
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hematite particles have aggregated within the larger DSP crystals. The low iron content 
in samples 3 and 4 suggests that these were predominately DSP crystals.  
  
Figure 8.8: SEM-EDS image of desilication products separated by LMT (d= 2.5  
gcm-3) 
                                                     
Table 8.3: EDS analysis of Figure 8.8 
Spectrum 
NO. 
Na (Wt %) Al (Wt %) Si (Wt %) Fe (Wt %) O (Wt %) 
1 4.22 16.74 12.90 8.67 47.52 
2 3.18 12.99 9.40 11.71 47.44 
3 4.70 17.86 13.21 6.97 49.39 
4 5.04 15.41 11.70 4.04 54.50 
 
 
 
1 
2 
3 
4 
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The presence of boehmite in the sample can be clearly identify by the sharp strong 
characteristic FTIR bands arising at the 3287, 3087 and 1038 cm-1 [160] from the 
sample separated by 2.5 gcm-1 LMT solution (Figure 8.9). It has a relatively less 
intense band at 958 cm-1 most probably due to the lesser amount of sodalite present 
in the sample.  
 
 
Figure 8.9: FTIR spectral of mineral separated from using different LMT densities 
 
When analysing the XRD data (Figure 8.6) of sodalite separated by different LMT 
solution densities, slight changes in d-spacings and 2θ positions were observed. 
These changes could be consequences of deformations of sodalite framework 
possibly in the presence of different cations and anions or different amount of water 
molecules present in sodalite cages. Sodalite cages are famous for incorporating 
different anions and cations, due to their large flexibility created by a tilt mechanism 
[25]. According to the SEM- EDS analysis, small concentration of Ca2+ ions were 
obtain. It was proposed that some of the Na+ ions were replaced by Ca2+ in sodalite 
cages. Another potential cation exchange for Na+ could be Fe3+ due to the large 
amount of iron present in red mud [178]. These replacements could change the 
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charge density of the framework, and thus change the cell parameters, which would 
cause slight changes in the XRD pattern [21, 25].        
 
8.3 COMPARISON OF LABORATORY SYNTHESISED DSP 
SEPARATED FROM RED MUD 
DSP isolated from red mud by density separation methods were compared with 
laboratory synthesised DSP (simulated Bayer conditions) in order to determine the 
accuracy of the synthetic DSP samples. Synthesised sodalite under Bayer conditions had 
a Si/Al= 0.96, which is similar to the basic sodalite chemical formula [19]. DSP found in 
red mud, however, shows a lower ratio of 0.87 observed in the isolated low density 
fraction.  Due to the low percentage of cancrinite present in the low density fraction, a 
comparison between the isolated and synthetic cancrinite will not be reported.     
 
Table 8.4: Sodalite XRD characteristic peak comparison 
Sample XRD peak position 
101 211 
Red mud 16.20 28.23 
DSP (separated by LMT with density 2.5 gcm-3) 16.53 28.85 
DSP (separated by sodium tungstste) 16.16 28.21 
Synthetic sodalite 16.22 28.26 
Synthetic cancrinite 16.19 (110) 28.24 (300) 
 
Comparison of XRD peak positions for red mud, DSP separated from red mud, 
synthesised sodalite and cancrinite are provided in Table 8.4. Differences in the 
characteristic sodalite peaks at 101 and 211 positions are observed, with the LMT 2.5 
gcm-3 showing a shift to higher values. As the shift has only occurred for sodalite peaks 
it was proposed that LMT has reacted slightly with sodalite. It was proposed that Li+ has 
exchanged for some of the Na+ sites based on no reaction being observed for sodium 
tungstate. EDS analysis indicated the presence of trace amounts of calcium and sulphur 
in the LMT isolated DSP, which may account for this shift. It was assumed that some of 
the Na+ had been replaced by Ca2+ ions and SO4
2- ions within the sodalite cages. 
However, the presence of SO4
2- was not detected in the corresponding IR spectrum at 
1140 cm-1 [105]. It was also possible that the presence of boehmite in red mud causes a 
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shift of the characteristic 2θ peaks to lower 2θ values, observed in Chapter 7. Therefore, 
the presence of other mineral phases may cause DSP XRD peak positions to deviate 
from their true positions, further complicating the identification of specific DSP species.  
 
 
Figure 8.10: XRD pattern comparison of synthesised DSP with DSP in red mud 
SEM images have been used to define the crystal shape, size and the chemical 
composition of the isolated DSP from red mud and synthesised sodalite and cancrinite. 
DSP isolated from red mud appeared as spherical cotton wool shaped crystals with a 
particle size typically less than 3 μm (Figure 8.7), while the synthesised DSP typically 
formed small cubic and spherical shaped crystals ranging from 0.2- 1μm (Chapter 4). 
Literature reports the size of synthesised sodalite depends on the conditions employed 
during the digestion stage [19, 45, 46, 58, 71, 179]. Therefore, it can be assumed that the 
DSP found in red mud represented relatively larger crystals most probably due to the 
agglomeration of fine particles.  
 
Infrared spectra of zeolites depend on 1) framework topology, 2) Si/Al ratio and 3) 
nature of the extra framework cations that balances the anionic charge of the framework 
[76, 124, 125]. Comparison of DSP spectra, between 1200 and 800 cm-1, shows 
narrower bands for the more crystalline synthesised sodalite and cancrinite samples 
compared to broad bands for the red mud isolated DSP. This indicated the presence of an 
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amorphous phase. DSP isolated from red mud shows a higher content of water 
molecules inside the framework cages. The embedded water molecules can be identify 
by the bands between 3600 and 3100 and 1650 cm-1 [81].  
 
 
 
Figure 8.11: FTIR spectra comparison of synthesised DSP with DSP in red mud 
 
 
 
8.4 CONCLUSION 
The methodology used to separate DSP from red mud has been developed, however it 
was not completely successful as hematite and anatase phases were found to be bound 
with DSP structures. The sieving stage was used to remove sandy portion of the red 
mud, however due to the small size of the bulk of the red mud particles sieving did not 
provide adequate separations.  
             
The second part of the procedure was density separation, which was able to produce a 
fraction with simpler composition than the original red mud. It did not successful isolate 
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DSP. Fine particles of hematite and anatase were embedded into the “cotton wool” type 
structures and was not susceptible to density separation methods. Even though DSP was 
unable to be isolated, the fraction that was obtained consisted of minerals that didn’t 
have significant overlapping bands in the IR spectrum allowing DSP phases to be 
identified. 
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9Chapter 9: Conclusion 
Land rehabilitation has been identified as a potential solution to the ever growing 
waste disposal problem in the Alumina industry. As desilication products make up a 
large portion of the alkali compounds found in red mud, they have the potential to 
cause a long term adverse effect on revegetation through pH reversion. However, 
understanding and predicting the behaviour of desilication products in red mud is 
hindered due to the inability of fully characterise and quantify the desilication 
products present in the residue. The location and type of bauxite ores used and the 
Bayer process conditions used during digestion will change the composition of DSP 
phases. This variability creates the difficulty in accurately characterising DSP phases 
in residue using XRD, which relies on reference patterns.     
 
Formation conditions required for synthesis of pure cancrinite (90%) have been 
identified in this study, however a relatively pure sodalite was unable to be obtained 
using basic Bayer conditions. Digestion temperature and reaction time played an 
important role in what type of desilication product formed and how much. The 
addition of lime during digestion leads to the formation of katoite; a more dominant 
phase over cancrinite. Katoite consumes alumina, which will reduced the 
productivity of the industry, and thus should be avoided.  
 
Infrared spectroscopy was successfully able to identify the different synthetic 
desilication products. Signature bands have been assigned to each DSP phase and 
changes to those bands have been discussed for different Bayer digestion conditions. 
Signature bands were assigned to the main asymmetric stretching bands between 
1200 and 800 cm-1, attributed to the framework of the desilication products. SEM has 
also been used to differentiate between DSP phases, based on morphological 
changes.  
   
The processing of bauxite ores with high boehmite or diaspore are usually subjected 
to higher digestion temperatures that enhance the reactivity of quartz. Hence, the 
effects that quartz has on the formation of desilication products was also studied. 
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Kaolinite as a silica source was highly reactive and fully digested with 1h at 220°C, 
while quartz required a minimum of 4 h for complete dissolution and transformation 
to desilication products. No significant changes in signature DSP bands were 
observed, however the distribution of phases produced by each silicate source was 
reflected in the sharpness of the band profiles in the Al-O-Si asymmetric stretching 
region; sharpening of bands for kaolinite due to the high cancrinite content and low 
broad bands for quartz with a mixture of DSP phases.  
 
XRD data was not successful in providing an accurate assessment of DSP phases in 
red mud:   
1. Lack of XRD reference patterns based on Bayer conditions, 
2. Inability to determine the accurate cation and anion in the desilicated 
structural cages (μ and ε cages), and 
3. Significant portion of particles present in red mud less were less than 
10µm, which would contribute to the large amorphous content.   
 
Due to these drawbacks, infrared spectroscopy was used to overcome these 
challenges. IR can successfully differentiate between the major desilication product 
phases in red mud, however it was deemed to be a qualitative technique that used in 
conjunction with XRD could be used to characterise red mud more fully. The 
similarities found between synthesised and isolated desilication products in red mud 
provides the possibility of using synthesised DSP as a model for studying DSP 
behaviour in land rehabilitation programs. This is particularly important, as the 
procedure to separate DSP from red mud was labour intensive and would vary for 
different red muds.  
 
It can be conclude that instead of using the one characterisation technique (XRD), a 
combination of  XRD and IR would be able to make better predictions on the type of 
desilication products present in red mud, and hence, more accurate quantitative phase 
analysis.  
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Chapter 10: Future work 
In this study, it was found that Bayer digestion conditions had a strong effect on the 
DSP phase that formed, and hence gave band variations in IR spectroscopy. 
Incorporation of anions into the DSP cages was not fully understood, which hindered 
the full characterisation of DSP in red mud. Therefore, further studies would focus 
on determining the effect of different anions in DSP on signature bands identified in 
this study. 
 
It was found that the separation of DSP from red mud was not completely successful 
due to the presence of hematite and anatase. Therefore, it would be a beneficial to 
further refine the methodology to remove hematite and anatase from DSP. 
 
A comparison of red mud from a number of different refineries would provide a 
better understanding of the composition of DSP phases in red mud. 
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Appendices 
Appendix 1: Supplementary information for Chapter 3   
Table 1: Amount of NaAl(OH)4, NaOH and kaolinite used for the synthesis of DSP in the 
presence and absence of Na2CO3 under different temperatures for 1 h (A/C=0.59 ) 
Temperature 
(˚C) 
Time 
(h) 
NaAl(OH)4 
(g) 
NaOH 
(g) 
Na2CO3 
(g) 
Ca(OH)2 
(g) 
Kaolinite 
(g) 
Liquor 
volume 
(mL) 
80 1 335.50 75.00 40.00 0.00 1 100 
100 1 335.50 75.00 40.00 0.00 1 100 
160 1 335.50 75.00 40.00 0.00 1 100 
200 1 335.50 75.00 40.00 0.00 1 100 
220 1 335.50 75.00 40.00 0.00 1 100 
80 1 335.50 75.00 0.00 0.00 1 100 
100 1 335.50 75.00 0.00 0.00 1 100 
160 1 335.50 75.00 0.00 0.00 1 100 
200 1 335.50 75.00 0.00 0.00 1 100 
220 1 335.50 75.00 0.00 0.00 1 100 
 
Table 2: Amount of NaAl(OH)4, NaOH and kaolinite used for the synthesis of DSP in the 
presence and absence of Na2CO3 for different reaction times at the temperature of 100˚C 
(A/C=0.59 ) 
Temperature 
(˚C) 
Time 
(h) 
NaAl(OH)4 
(g) 
NaOH 
(g) 
Na2CO3 
(g) 
Ca(OH)2 
(g) 
Kaolinite 
(g) 
Liquor 
volume 
(mL) 
100 1 335.50 75.00 40.00 0.00 1 100 
100 2 335.50 75.00 40.00 0.00 1 100 
100 4 335.50 75.00 40.00 0.00 1 100 
100 6 335.50 75.00 40.00 0.00 1 100 
100 12 335.50 75.00 40.00 0.00 1 100 
100 24 335.50 75.00 40.00 0.00 1 100 
100 1 335.50 75.00 0.00 0.00 1 100 
100 2 335.50 75.00 0.00 0.00 1 100 
100 4 335.50 75.00 0.00 0.00 1 100 
100 6 335.50 75.00 0.00 0.00 1 100 
100 12 335.50 75.00 0.00 0.00 1 100 
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100 24 335.50 75.00 0.00 0.00 1 100 
 
 
Table 3: Amount of NaAl(OH)4, NaOH, Na2CO3 and kaolinite used for the synthesis of DSP 
at 220˚C for different reaction times (A/C=0.59 ) 
Temperature 
(˚C) 
Time 
(h) 
NaAl(OH)4 
(g) 
NaOH 
(g) 
Na2CO3 
(g) 
Ca(OH)2 
(g) 
Kaolinite 
(g) 
Liquor 
volume 
(mL) 
220 1 335.50 75.00 40.00 0.00 1 100 
220 2 335.50 75.00 40.00 0.00 1 100 
220 4 335.50 75.00 40.00 0.00 1 100 
220 6 335.50 75.00 40.00 0.00 1 100 
220 12 335.50 75.00 40.00 0.00 1 100 
220 24 335.50 75.00 40.00 0.00 1 100 
220 48 335.50 75.00 40.00 0.00 1 100 
 
 
Table 4: Amount of NaAl(OH)4, NaOH, Na2CO3 and kaolinite used for the synthesis of DSP 
at 220˚C for 1 h by using different amounts of Ca(OH)2 (A/C=0.59 ) 
Temperature 
(˚C) 
Time 
(h) 
NaAl(OH)4 
(g) 
NaOH 
(g) 
Na2CO3 
(g) 
Ca(OH)2 
(g) 
Kaolinite 
(g) 
Liquor 
volume 
(mL) 
220 1 335.50 75.00 40.00 0.00 1 100 
220 1 335.50 75.00 40.00 0.10 1 100 
220 1 335.50 75.00 40.00 0.20 1 100 
220 1 335.50 75.00 40.00 0.30 1 100 
220 1 335.50 75.00 0.00 0.40 1 100 
220 1 335.50 75.00 40.00 0.50 1 100 
220 1 335.50 75.00 40.00 0.75 1 100 
220 1 335.50 75.00 0.00 1.00 1 100 
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Table 5: Amount of NaOH, Na2CO3 and kaolinite used for the synthesis of DSP at 220˚C for 
1 h with different A/C ratios by using different amounts of NaAl(OH)4 
Temperature 
(˚C) 
Time 
(h) 
A/C 
ratio 
NaAl(OH)4 
(g) 
NaOH 
(g) 
Na2CO3 
(g) 
Ca(OH)2 
(g) 
Kaolinite 
(g) 
Liquor 
volume 
(mL) 
220 1 0.1 2.50 7.50 4.00 0.00 1 100 
220 1 0.15 4.00 7.50 4.00 0.00 1 100 
220 1 0.2 5.70 7.50 4.00 0.00 1 100 
220 1 0.25 7.50 7.50 4.00 0.00 1 100 
220 1 0.3 10.00 7.50 4.00 0.00 1 100 
220 1 0.4 23.00 7.50 4.00 0.00 1 100 
220 1 0.5 35.00 7.50 4.00 0.00 1 100 
220 1 0.6 35.00 7.50 4.00 0.00 1 100 
 
 
Table 6: Preparation of density solutions using LMT 
Density 
gcm-3 
Initial density 
of LMT  
gcm-3 
Initial volume 
cm3 
Required 
amount of DI 
water 
cm3 
Total volume 
cm3 
2.0 2.95 100 95.00 195.00 
2.2 2.95 100 62.50 162.50 
2.4 2.95 100 39.28 139.28 
2.5 2.95 100 30.00 130.00 
2.6 2.95 100 21.87 121.87 
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Appendix 2: Supporting information 
 
 
 
Figure 1: XRD pattern of density separation with different LMT densities 
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Appendix 3: Calculations 
 
XRF calculation, 
Na Wt% in red mud 
Percentage of Na2O in red mud 10.25% 
Atomic mass of oxygen = 16 
Atomic mass of Na = 22.99 
Molecular mass of Na2O = (22.99 x 2 + 16) = 61.98 
% O = 16/ 61.98 = 0.25814 
% Na = 45.98/ 61.98 = 0.74185 
% Na in red mud = 0.74185 x 10.25 = 2.64601 
 
XRD Calculattions, 
% Na from the sodalite Na8[Al6Si6O24]Cl2 in red mud, 
Quantitative sodalite % in red mud = 6.29 
Atomic mass of Na = 22.99 
Molecular mass of sodalite = 969.12 
% Na = (22.99 x 8)/ 969.12 = 0.18978 
% of Na in red mud = 0.18978 x 6.29 = 1.19371 
 
ICP-OES calculations 
% Na from the sodalite Na8[Al6Si6O24]Cl2 in red mud 
Na concentration = 555.9 mg/ L  
% Na concentration in red mud from sodalite = 555.9 x (22.99 x 8)  
               10,000 
                       = 7.668 
 
